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ABSTRACT
Ambient ionization allows the analysis of materials in their native environment without
sample preparation by creating ions outside the mass spectrometer. The goal of this research was
to develop new ambient ionization techniques for application to solids, liquids and particles
under ambient conditions. Samples to be analyzed were directly merged with an electrospray of
droplets, and then ionized and detected by a mass spectrometer. An ion trap mass spectrometer
was modified with a nanoelectrospray source and configured for three experiments: merged
electrospray ionization of dry particles, merged electrospray ionization of combustion products,
and infrared laser desorption/ablation using electrospray for post-ionization.
In the first set of experiments, materials in powdered samples were ionized directly by
interaction with an electrospray of charged solvent droplets. The powdered samples were
dispersed as dry particles with an aerosol generator. The study included amino acids and
antibiotics, as well as food and pharmaceutical samples. Singly-charged peaks, corresponding to
major components in the powdered samples, were detected using this method. The second set of
experiments directly analyzed combustion products generated from the burning of cigarettes,
incense, candles, and organic fuels by merging these with electrospray for ionization. This
approach allowed the detection of major components in the smoke of cigarettes, incense, and
candles, and polycyclic aromatic hydrocarbons generated from combustion of organic fuels. In
the third set of experiments, an infrared laser was used to desorb and ablate samples placed on a
stainless steel sample target, and electropray droplets interacted with the ablated materials to
generate ions. Protein standards, biological fluids, and pharmaceutical products were analyzed
using this technique. The spectra of the materials analyzed were similar to conventional
electrospray.
x

CHAPTER 1. INTRODUCTION

1.1 Mass Spectrometry
Mass spectrometry is a highly selective analytical technique with a low limit of detection
that is used to separate ions according to their mass-to-charge ratio (m/z).1 Since the first use of
mass spectrometers in the early twentieth century, the technique has undergone extensive
development and has been applied in a wide range of scientific disciplines such as analytical
chemistry, environmental science, and biomedical research.
A mass spectrometer is composed of three fundamental units: the ionization source, mass
analyzer, and detector. The ions are generated by inducing either the loss or gain of a charge in
the ionization source, separated in the mass analyzer according to their m/z, and finally converted
to a signal at the detector. The ion flux at the detector is amplified to produce an electrical signal,
and the signal then is converted into a mass spectrum that can provide mass and structural
information.
Mass spectrometry requires ions in the gas phase. Getting the sample of interest into the
gas phase in the form of ions is the first and often the most important step of mass spectrometry.
Various ionization techniques have been developed. Electron ionization (EI) is one of the earliest
ionization techniques, and it a simple technique with a low detection limit.2, 3 EI has been a
popular mode of ionization for organic compounds and uses an energetic electron beam to
bombard the sample in the gas phase. Ions are formed by electron displacement during this
collision process. However, EI can only be used to analyze gases or high vapor pressure liquids.
Furthermore, fragmentation can make identification of the molecular ion difficult. For these
reasons, EI is limited to volatile molecules smaller than several hundred Da.
1

1.2 Soft Ionization
Soft ionization is defined as ionization with minimal fragmentation, which indicates that
minimum internal energy is transmitted to the analytes during the ionization process.4 Chemical
ionization (CI) was one of the first soft ionization techniques developed.5 In CI, a reagent gas
such as methane, isobutene or ammonia is ionized with an electron beam or discharge to produce
reagent ions. Then reagent ions react with the sample molecules to form ions. With methane as
the reagent gas, the primary ions are formed through reaction
CH4 + e- → CH4+. + 2e-.
The primary ions undergo further reactions with neutral methane through
CH4 + CH4+. → CH5+ + CH3.
or
CH4 + CH3+ → C2H5++ H2
to produce secondary reagent ions. The ionization of the sample molecules (M) can take place,
for example, through the proton transfer reaction
M + CH5+ → [M+H]+ + CH4.
The collisions between reagent ions and analyte molecule occur at thermal energies. Thus, CI
primarily generates the protonated molecule ion signal and can be used to determine the
molecular mass of compounds. However, CI is also limited to volatile molecules smaller than
several hundred Da.
The discovery of fast-atom bombardment (FAB)6 and Californium-252 plasma
desorption (252Cf PD)7 ionization methods extended the application of soft ionization to the
analysis of nonvolatile biomolecules as well as other polar and involatile compounds. FAB uses
a high energy beam of Xe atoms or Cs+ ions to sputter the sample and matrix from the surface,

2

while PDMS uses a fission product generated from a thin 10-µCi

252

Cf film to desorb the

condensed phase sample. Both methods have been used to obtain molecular mass information for
a variety of compounds.8-10 However, due to the limitations of the mass range, the popularity of
these two methods has declined.
In the 1980s, the breakthrough development of two soft ionization techniques,
electrospray ionization (ESI)11 and matrix-assisted laser desorption ionization (MALDI),12 made
it possible to analyze higher molecular weight biomolecules than FAB or PDMS with limited to
no covalent bond fragmentation. Since then, these two methods have become the major
ionization techniques on the identification and structural determination of high molecular weight
compounds, such as proteins and synthetic polymers.
1.2.1 Electrospray Ionization (ESI)
ESI coupled with mass spectrometry was first demonstrated for the analysis of large
molecules in 1984.11 ESI is a technique that allows the transfer of ions from a solution to the gas
phase at atmospheric pressure. ESI is the dispersion of a liquid into electrically charged droplets,
and combines two processes: droplet formation and droplet charging.13 As illustrated in Figure 11, the application of a several thousand volt potential to a capillary induces a charge on the
surface of the liquid that emerges from the tip of the capillary in a conical shape, known as a
Taylor cone.14 Charged droplets are formed at the tip of the Taylor cone and directed toward a
mass spectrometer inlet. A nebulizing gas and heat can be applied before the droplets enter the
vacuum of the mass spectrometer, causing the solvent to evaporate from the surface of the
droplets. As the evaporation proceeds, the droplet radius decreases, and the charge of the droplet
remains constant. This leads to an increase of the electrostatic repulsion of the charges at the
surface. As a result, the highly charged droplets become unstable and produce gas-phase ions.

3

The creation of gas-phase ions from charged droplets can occur by one of the two
mechanisms known as charge residue model (CRM) or ion evaporation model (IEM).15, 16 In the
IEM, analyte molecules carrying some of the droplet charge are ejected into the gas phase when
the electric field on the charged droplet is large enough.17 This happens because the potential
energy of the ions near the surface becomes large and the Coulombic repulsion overcomes the
surface tension. In the CRM, gas-phase ions are formed when successive fissions of charged
droplets leads to the ejection of highly charged analyte ions; this theory is purported to be
dominant in the case of ions with high m/z.18

Figure 1-1. Electrospray ionization illustration.

ESI has been widely applied in the analysis of large biomolecules, such as peptides,
proteins, oligonucleotides, and lipids.19 An important feature of ESI is that it produces ions with
multiple charges; thus it is possible to observe large molecules with a mass analyzer having a
relatively low m/z range. With ESI-MS, the molecular masses of biomolecules in the mass range
up to 100 kDa or more can be determined.20 Electrospray samples are in a liquid solution; thus,

4

ESI can also be easily coupled with separations, such as high performance liquid
chromatography (HPLC)21 and capillary electrophoresis (CE).22 However, ESI has low impurity
tolerance. When using ESI, contaminants can compete with the analytes for charge and may
influence the results.23
1.2.2 Matrix Assisted Laser Desorption Ionization (MALDI)
A second form of soft ionization is MALDI, which was developed simultaneously by
Hillenkamp12, 24 and Tanaka25 in mid 1980s as a modification of laser desorption ionization
(LDI).26 MALDI is used to ionize samples in the condensed phase, typically under vacuum. In
MALDI, a sample is first dissolved in a suitable solvent and mixed with a crystalline or liquid
matrix. Subsequently, it is deposited on a stainless steel target and air-dried. Under these
circumstances, the sample is co-crystallized with the matrix. Then, a pulsed ultraviolet (UV) or
infrared (IR) laser is directed at the matrix and analyte deposit to generate gas phase ions. Figure
1-2 represents the process by which ions are formed during MALDI. The use of a chemical
matrix in the form of small, laser-absorbing organic molecules in large excess over the analyte is
at the core of the MALDI principle. The matrix plays a key role by absorbing the laser energy,
preventing analyte aggregation, and providing protons for analyte ionization.1 Typically, singly
charged ions of analyte are generated; fragmentation is typically not observed by MALDI.
The mechanism of MALDI is still under investigation.27, 28 Two major models have been
proposed to explain experimental results: photochemical ionization and cluster ionization.29 The
photochemical ionization model considers the generation of neutral analyte species as the first
step, which are then charged by proton-transfer reactions with photonionized matrix molecules in
the expanding gaseous plume. The cluster ionization model assumes large clusters of matrix and
of analyte-matrix are desorbed during the laser irradiation. The generation of charged species
within a cluster is accomplished by charge separation.29
5

Figure 1-2. Schematic of matrix-assisted laser desorption/ionization.

MALDI is a simple and low-sample-consumption ionization method. The best analysis
range of MALDI is in 1000 Da to 30 kDa. MALDI has been broadly used for most proteomic
analysis without pre-separation,30, 31 and has also been used for the analysis of oligonucleotides,32
polysaccharides,33 lipids34 and synthetic polymers.35,

36

Even though MALDI is tolerant of

impurities when compared to ESI, separation is still necessary when dealing with complex
samples. There are challenges when coupling MALDI with separation techniques, because
MALDI samples are typically dried on a surface before MS analysis. An interface between
MALDI ion source and the separation system is typically necessary in order to do on-line
analysis.
6

1.3 Ambient Ionization
Ambient ionization is the creation of ions outside of the mass spectrometer at ambient
pressure with minimum or in some cases no sample treatment.37, 38 With ambient ionization,
material is liberated from solid or liquid samples that are bombarded with charged droplets or
ions, sometimes in conjunction with a laser. Ambient ionization can be used for direct analysis of
samples in the open atmosphere of the laboratory or in their natural environment. It has been
widely applied in many areas, such as forensics, environmental analysis, drug discovery, and
medical diagnostics.39
1.3.1 Atmospheric Pressure Matrix Assisted Laser Desorption Ionization (AP MALDI)
Atmospheric pressure MALDI (AP MALDI) was one of the first developed ambient
ionization techniques. It is a variant of MALDI,40, 41 in which desorption and ionization take
place at atmospheric pressure outside the mass spectrometer. The ionization process and
mechanism of AP MALDI are similar to vacuum MALDI. However, an interface, similar to that
used in ESI, is needed to transfer the ions into the mass analyzer.
AP MALDI has been applied to the analysis of peptides and proteins, and has been
shown to eliminate some of the drawbacks of conventional MALDI, such as sample handling
and mass resolution at high laser fluence.42 Also, it allows the use of a wide range of liquid
matrices. Thus AP MALDI can be interfaced with liquid chromatography.42, 43 An AP MALDI
system was used to analyze a mixture that was separated by a HPLC system.42 In their study, the
sample droplet formed at the end of a capillary that was extended from the HPLC column, and a
pulsed laser was focused from below onto the surface of the droplet to ionize the analyte.
However, the sampling efficiency of AP-MALDI is lower than vacuum MALDI, due to the
transferring of ions from atmospheric pressure to the vacuum region of the mass spectrometer.

7

1.3.2 Desorption Electrospray Ionization (DESI)
Desorption electrospray ionization (DESI) was first introduced by Cooks and coworkers
in 2004.44 As illustrated in Figure 1-3, a fine spray of charged solvent droplets from an ESI
source is used to desorb and ionize the analyte material. Nitrogen gas at high pressure (usually
around 150 psi or 1000 kPa) is used to transport the charged solvent droplets to the analyte
surface. The solvent on the surface is then lifted off as secondary charged droplets. The solvent
picks up the analyte while it is in contact with the target surface, and the subsequently formed
analyte ions are delivered to the mass spectrometer.

Figure 1-3. Desorption electrospray ionization illustration.

The mechanism of DESI involves the incorporation of the analyte molecules into the
solution at the sample surface, which is followed by removal of the analyte-containing charged
droplets in the secondary spray.37 The ions are then formed through an ESI-like mechanism.
Recent studies, including systematic measurements of the droplet size and velocity,45 computer
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simulations,46 surface charging effects,47 and evaluation of the mass spectra of various analytes
in conjunction with variations in the experimental parameters,48 suggest that the droplet pickup
model is the primary ionization mechanism of DESI, especially for the ionization of peptides and
proteins. The hypothesis states that the mechanism does not depend on quasi-elastic dropletsurface impact events or the survival of intact droplets after surface collision. Instead, the surface
is wetted by initial droplets, and the analyte dissolves in this solvent layer. Later-arriving
droplets hit this solvent-layer and break it up, creating numerous secondary droplets containing
the dissolved analyte. For lower mass compounds, the ionization mechanism is dominated by the
vapor phase process of chemical sputtering, droplet pick up, or a combination of these
mechanisms. Chemical sputtering is the process of charge and momentum transfer during droplet
reactive collision with the surface.49 Lower mass compounds with a high vapor pressure may
react with free ions above the surface of the sample, or can be incorporated into the liquid droplet
with droplets approaching or leaving the surface. Shockwave formation does not contribute to
the ionization during the DESI process because of the relatively low velocity of the projectiles.45
DESI has been used for the analysis of diverse categories of compounds, including
pharmaceutical products,50,

51

biological samples,52-55 explosives,56-59 bacteria,60,

61

and

polymers.62 By employing solvent additives that bind to certain analytes, selective ionization is
possible.57 DESI can also be used in imaging of sections of biological tissue.63 The limit of
detection of DESI is between 1 and 10 fmol,39 and varies depending on the analyte. Although
DESI provides a useful method for ionizing analytes under ambient conditions, the spatial
resolution of DESI imaging is limited to approximately 200 µm due to the spot size as well as
diffusion of small molecules in the solvent.64 The spot size depends on the inner diameter of the
spray capillary and the tip-to-surface distance.

9

1.3.3 Direct Analysis in Real Time (DART)
Direct analysis in real time (DART) was introduced by Cody and coworkers in 2005.65 In
DART, ionization is brought about by exposing the sample to a stream of metastable atoms. In
this method, an electrical discharge is created in nitrogen or helium gas to form a plasma of
metastable atoms and ions. The plasma passes through perforated lenses or grids, which remove
charged particles. After passing through the perforations, metastable atoms and molecules aimed
directly at the sample surface desorb low-molecular weight molecules from the sample.
The ionization mechanism of DART depends on the polarity of ions and reagent gas, the
proton affinity and ionization potential of the analyte, and the presence of additives or dopants.65
It is postulated that thermal desorption plays a role when the gas stream is heated. The transfer of
energy to the surface by metastable atoms and molecules also facilitates desorption and
ionization when the analyte has a low vapor pressure.
Penning ionization66 is a fundamental process of DART. In Penning ionization, energy is
transferred from an excited state gas molecule M* to an analyte molecule A. If analyte A has a
lower ionization potential than the energy of M*, a radical molecular cation, A+. and an electron
will be produced by Penning ionization, according to
M* + A → M + A+. + e-.
When helium is used in the DART source,65 which is common to most analysis, Penning
ionization occurs, generating water cluster ions, according to
He* + nH2O → He + (H2O)n-1H+ + OH-.
These cluster ions react with desorbed analytes to form protonated molecules, according to
(H2O)n-1H+ + AB → [AB+H]+ + H2On-1.
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DART ionization has been widely applied to various analytes, including drugs in dose
form, drugs in body fluids or tissues, foods, explosives, synthetic organic compounds, inks and
dyes, flavors and fragrances.65, 67, 68 Using a internal standard, a quantitative analysis of drugs in
dilute solutions like urine can be achieved.65, 69 Analytes on different surfaces, such as glass,
concrete, paper, and thin layer chromatography (TLC) plates, can be directly analyzed without
any pretreatment.69 However, DART is mainly used for small molecule analysis.
1.3.4 Merged Electrospray Ionization
Merged electrospray ionization is a technique that combines an electrospray source with a
neutral sample source. The sample source generates particles, gas molecules, or both from the
bulk sample. An electrospray of solvent is used to directly ionize particles or gas molecules from
the sample under ambient conditions. This two-stage ionization method permits the direct
analysis of trace compounds in complex matrices. Extractive electrospray ionization (EESI),70
laser desorption electrospray ionization (LDESI),71 and matrix-assisted laser desorption
electrospray ionization (MALDESI)72 are examples of this approach. In EESI, a nebulizer is used
to generate particles from liquid analyte. The particles are merged with the electrospray of
charged droplets, and ionized. In LDESI and MALDESI, a laser is used to desorb the condensed
phase sample, and the material is then merged with the electrospray charged droplets. The
interaction of particles and gas molecules with the electrospray generates ions, which are
sampled by the mass spectrometer.
1.3.4.1 Extractive Electrospray Ionization (EESI)
In extractive electrospray ionization (EESI), a neutral spray containing the sample and a
solvent-only electrospray are allowed to interact.70 Analyte molecules are extracted from the
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neutral sample droplets into the charged droplets. Fused droplet-electrospray ionization (FD-ESI)
is a method similar to EESI, but for simplicity, we will refer to both processes as EESI below.73
In contrast to traditional ESI, EESI separates the neubulization of the sample solution and
the ionization processes. Thus, EESI avoids problems such as adduct formation, sample carryover, and build-up of nonvolatile components, which can affect standard ESI. In EESI,
entraining materials in the charged droplets of an electrospray is accomplished through the
interaction of charged solvent droplets and a neutral analyte aerosol. Uncharged analyte aerosol
particles are sprayed from a neubulizer. The stream of uncharged analyte droplets is then merged
with the charged electrospray droplets from the ESI source, and analyte ions are formed through
this interaction.
The ionization mechanism of EESI is not yet fully understood, but it depends on the
extraction of material between the colliding charge droplets from the electrospray and neutral
particles from the nebulizer. A hypothesis is that non-polar compounds are at the surface of
neutral sample droplets, while salts and other polar molecules are stabilized by increased
solvation at the droplet center.70 The molecules at the surface of the neutral droplets are extracted
into the charged droplets during droplet collision events. This explains why the removal of salts
and impurities is unnecessary in EESI. After the molecules are extracted into the charged
droplets, analyte ions with multiple charges are produced by an electrospray mechanism.19
EESI has been used to analyze small organic molecules,74 peptides,73 and proteins.75 It
has also been reported that, by altering the electrospray solvent, it is possible to suppress the
signal from certain components within the mixture. This results in a high-salt tolerance in the
detection of large biomolecules.76 EESI has also been used for the analysis of trace compounds
in complex mixtures. For example, it has been shown that urine, milk, and wastewater can be
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directly and continuously monitored by this method, and the signal intensity can be maintained
for several hours.70
A variation of EESI is called neutral desorption EESI (ND-EESI).77 In ND-EESI, the
analyte is desorbed from the sample surface with nitrogen gas, followed by merging with the
desolvation gas line of an ESI source. ND-EESI shows that gas molecules are ionized directly by
merging with electrospray. Similar work has been reported in which small molecules at the exit
of a gas chromatograph are ionized by an electrospray source.78 ND-EESI has been used to
analyze skin in vivo and frozen meat.77 Coupling ND-EESI to a quadrupole-time-of-flight MS
allowed metabolic fingerprinting of various classes of biological samples with detection limits as
low as 10 fg/cm3.79
1.3.4.2 Laser Desorption Electrospray Ionization
Another example of merged electrospray ionization uses a pulsed laser to desorb and
ablate material from a solid sample; the resulting material is then merged with an electrospray.
This technique uses laser energy to remove material from a sample and deliver it to the
electrospray for ionization. When a matrix is used, this technique is called matrix assisted laser
desorption electrospray ionization (MALDESI),72 and when a matrix is not used, it is called laser
desorption electrospray ionization (LDESI).71 LDESI has also been called electrospray assisted
laser desorption ionization (ELDI),71 but, for simplicity and consistency, we will use LDESI in
this work.
In MALDESI and LDESI, a UV or IR laser is used to desorb the analyte that is deposited
from a solution onto a sample target. An ESI source is used to spray the charged solvent droplets
that interact with the desorbed analyte to form ions. Differing from MALDI and AP MALDI,
these techniques generate spectra similar to ESI and DESI. The role of the matrix for LDESI and
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MALDESI is still under debate. Although the mechanism of ionization is still not clear, recent
studies of particle formation under MALDI conditions suggest that ablated particles may play a
role.80-84
Both LDESI and MALDESI have many applications. LDESI has been used to ionize
peptides, proteins and other biomolecules in biological fluids such as tears, saliva, serum and
blood.85 A recent report shows that this method can be used to characterize the major chemical
compounds in solid samples such as synthetic polymers, dried milk and porcine brain tissue.86
MALDESI can also be applied to the quantitative analysis of peptides and proteins.87
MALDESI separates the desorption and ionization into two steps, which has many
advantages. For example, better resolution for imaging can be achieved because of the smaller
size of a laser beam compared to an electrospray stream. An electrospray is limited to
approximately 200 µm spatial resolution due to the spot size as well as diffusion of small
molecules in the solvent.88 A laser can be focused onto a sample spot that is nearly an order of
magnitude smaller than a spray. In addition, the application of AP-MALDI has been limited due
to its low ionization efficiency at ambient condition. In MALDESI, the laser desorption/ablation
with electrospray post-ionization can aid in solving this problem.
1.3.5 Comparison of Ambient Ionization Techniques
A comparison of the different ambient ionization methods is presented in Table 1. DESI,
LDESI, MALDESI, and EESI are derived from ESI and generate multiply charged analyte peaks
in their mass spectra. These ionization techniques are applicable to various mass analyzers.
DART is more suitable for small molecule analysis. The limit of detection (LOD) and mass
range of these methods are summarized in Table 1.38, 39, 89 As the instrumentation used in these
analyses continues to improve, and the ionization mechanisms behind these ionization techniques
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are better understood, analytical figures of merit for these ambient ionization methods are also
expected to improve.
Table 1-1. Comparison of various ambient ionization techniques
Technique

Sample type

Mass range

LOD

Imaging
capability

References

DESI
DART

Condensed phase
Condensed phase
and gas phase

~ 66 kDa
~ 1 kDa

1-10 fmol
7 fmol

Yes
N/A

37, 38
38, 39, 65

AP-MALDI

Condensed phase
and liquid sample
Condensed phase
Condensed phase
Liquid sample and
condensed phase

~ 16 kDa

~ 8 fmol

Yes

40, 41

~ 66 kDa
~ 2.1 kDa
~ 18 kDa

~ 20 fmol
630 amol
1 pmol/L

Yes
Yes
Yes

38, 71
38, 72
39, 70

LDESI
MALDESI
EESI/ND-EESI

1.4 Research Objectives
The goal of this research was to develop new methods for merged electrospray ionization
for the direct analysis of solids, liquids and particulate materials. When using these methods, the
sample in complex matrices can be analyzed with no pretreatment.
This work is divided into three parts. The first study focused on direct ionization of
laboratory generated dry particles by merging with an electrospray. Second, combustion products
were analyzed with merged electrospray ionization. Third, this ionization method was extended
with the ionization of IR laser desorbed and ablated materials by electrospray.
In Chapter 2, the mass spectrometer and other instrumentation used for the research is
described along with the experimental configurations for the different experiments. In Chapter 3,
the use of electrospray ionization to directly ionize laboratory generated dry particles is
presented. In Chapter 4, the direct ionization of combustion products generated from fuel-rich
flames as well as different types of smoke is introduced and discussed. In Chapter 5, details of IR
laser ablation of various analytes, including peptides, biological fluids and pharmaceutical
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products with electrospray is presented. Chapter 6 contains a summary of the conclusions
obtained from the studies in Chapter 3-5, along with a discussion of the future applications of
merged electrospray ionization in the analysis of biomoleucles.
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CHAPTER 2. EXPERIMENTAL
Three experimental setups were used in this research: merged electrospray of dry aerosol
particle, merged electrospray of combustion products, and infrared laser desorption electrospray
ionization. All three setups were configured with a commercial quadrupole ion trap mass
spectrometer. The descriptions of the fundamentals of quadrupole ion trap mass spectrometer
operation along with detailed information of three experimental setups are provided in the
subsequent sections.
2.1 Mass Spectrometer
The mass spectrometer used in this research is a Hitachi M-8000 3DQ ion trap mass
spectrometer. For the experiments conducted in this research, the stock electrospray assembly
was removed. A nanoelectrospray emitter was used to spray the solvent directly toward the
skimmer cone of the mass spectrometer.
2.1.1 Three-Dimensional Quadrupole Ion Trap
A three-dimensional quadrupole ion trap90, 91 consists two hyperbolic end-cap electrodes
and a ring electrode that is positioned symmetrically between the end-cap electrodes, as shown in
Figure 2-1. The radius of the ring electrode in the central horizontal plane (r0) determines the size
of the ion trap. The distance from the center of the ring electrode to the end-cap electrode is
defined as z0. For an ideal quadrupole ion trap, the ratio of r02 to z02 is generally 2, but this
relation is not necessarily restricted to this value.90
A quadrupole ion trap can store ions and can also function as a mass spectrometer. For
most commercial quadrupole ion traps, the end-cap electrodes are held at ground potential and a
radio frequency (RF) voltage in the megahertz range is applied to the ring electrode.
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Figure 2-1. Cross-sectional view of an ion trap mass analyzer.

The motion of ions in a quadrupole field can be described by solutions of Mathieu
equation92

∂ 2u
+ ( au − 2qu cos2ξ ) u = 0 (1),
∂ 2ξ
where u represents the coordinate axes x, y and z, ξ is a dimensionless parameter, and au and qu
€
are additional dimensionless
quantities known as trapping parameters. The quadrupole potential

at any point in the trap can be expressed in cylindrical coordinates using
(2),
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where r and z are the radial and axial dimensions, respectively. This equation shows that an ion
at the center (r = 0) experiences a potential of Φ0 /2, where

Φ0 = U + V cosωt (3),
U is the dc potential, V is the amplitude of the RF applied to the ring electrode, and ω is the
angular frequency.

€

The mass-selective instability mode is used for measuring the m/z of ions confined in the
trap.93 Ejection of ions from the ion trap is accomplished by changing the amplitude of the RF
potential applied to the ring electrode. Each m/z is ejected from the trap at a specific RF
amplitude. The motion of ions in the trap is expressed in terms of trapping parameters: az and qz
as given by
(4)
and
(5).
Most commercial ion trap instruments do not offer the flexibility of applying a DC potential to
the electrodes, thus az is typically equal to zero. The trap is operated along the qz axis of the
stability diagram as shown in Figure 2-2. The basis of mass analysis of the trap is the relation
given by
(6),
where qmax is the maximum value of qz at which ions exit the stability region (qmax = 0.908 under
normal operating conditions). As shown in the equation, an ion with a high m/z becomes unstable
at a higher RF amplitude compared to one with a low m/z.
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In Figure 2-2, the trajectory is stable within the shaded region. Outside the shaded area
indicated, the trajectory is unstable. Ions move in a manner that is described by the massselective instability scan line as raising the RF voltage until they become unstable at the
boundary and then exit the trap and are detected. Ions leave the trap in the order of ascending
m/z.

Figure 2-2. Mathieu stability diagram for a mass-selective instability scan of a quadrupole ion
trap. Ions move as described by the mass-selective instability scan line (green line) with the
changing of the voltage on the ring electrode, and eventually escape from the trap at the
boundary.

2.1.2 Hitachi Ion Trap Mass Spectrometer
All mass spectrometry experiments described below were performed with a Hitachi M8000 3DQ quadrupole ion trap mass spectrometer (Hitachi America, San Francisco, CA)
equipped with an electrospray ionization source and a conversion dynode detector. The
instrument is shown in cross-section in Figure 2-3. An ESI source was used to create ions that
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pass through drift region (Aperture 1 and Aperture 2) and enter the quadrupole ion trap. Ions are
trapped inside the mass analyzer and sequentially ejected into the conversion dynode detector.
The inner radius of the ring electrode, r0, is 0.707 cm. Helium gas at a pressure of 10-3 Torr in the
trap is used as the buffer gas. The mass spectrometer is capable of measurements in a m/z range
up to 2000. The resolution is 5000. The instrument was calibrated with two standards caffeine
and bradykinin. After calibration, the mass accuracy was measured and calculated as 36 ppm for
the caffeine, and 124 ppm for the bradykinin.

Figure 2-3. Hitachi M-8000 3DQ ion trap mass spectrometer is composed of an ESI probe, ion
trap mass analyzer and a photomultiplier conversion dynode detector.

As each ion species leaves the trap in turn, the ions impinge upon an external detector. A
photomultiplier conversion dynode (PCD) detector is used for this mass spectrometer. The PCD
is one of the most commonly used detectors in mass spectrometry.26 The working principle of the
PCD is that the ions initially strike a dynode resulting in the emission of electrons. The electrons
then strike a phosphor screen, which produces photons, which are then detected by a
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photomultiplier. Ions impinging on the PCD create a series of ion signals dispersed in time,
which is converted into the mass spectrum.
For the standard electrospray analysis shown below, the analyte was dissolved in 80%
methanol and 0.1% acetic acid and injected into the ESI source through a syringe pump at flow
rate 0.2 µL/min. The electric field applied to the ESI probe was 4 kV. The temperatures on the
gas heater, desolvator, Aperture 1, and Aperture 2 were at 180 ºC, 180 ºC, 150 ºC and 120 ºC,
respectively. The ion drift voltage and ion focus voltage were set to 100 V and 30 V. Figure 2-4
is the ESI mass spectrum of caffeine generated under the above described conditions. The singly
charged caffeine peak is observed at m/z 195, and is used for calibration. The low intensity peak
at m/z 211 may have come from solvent contamination.

Figure 2-4. Caffeine ESI mass spectrum.

The Hitachi M8000 mass spectrometer is controlled by the 3DQ software package
running on a Microsoft Windows NT computer. All mass spectra were acquired in positive ion
mode for this research. The spectrum acquisition time was varied for different experiments: dry
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particle ionization acquisition spectra were averaged for two minutes; combustion and IR laser
desorption acquisition spectra were averaged for one minute.
2.2 Nanoelectrospray Ion Source
The original ESI source on the Hitachi ion trap was replaced with a nanoelectrospray
emitter (PV 300, New Objective, Woburn, WA) as shown in Figure 2-5. This nanoelectrospray
emitter had a 50 µm ID fused-silica capillary that was tapered at the tip to a 30 µm ID and a
stainless steel sleeve. The emitter faced the MS skimmer cone and the tip directed at the MS
skimmer orifice at distance that varied between 4 mm and 8 mm. The other side of the emitter
was connected through a 50 cm long fused-silica capillary tube to a syringe pump (Harvard
Apparatus, Holliston, MA). The nanoelectrospray emitter was placed on a 3-axis translating
stage for easy adjustment.

Figure 2-5. Photograph of the nanoelectrospray emitter coupled with the Hitachi ion trap MS.
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Unlike conventional ESI, which requires 3 to 4 kV, a stable spray can be achieved for
nanoelectrospray at 1 kV. Another advantage of nanoelectrospray is that no pneumatic gas or
additional heat is required.94 For conventional ESI, a relatively large volume of liquid exits the
emitter, and pneumatic neubulization and heating is necessary to obtain a stable spray. For
nanoelectrospray, only the applied voltage is required to generate a spray. However, for merged
electrospray of dry particles, low-pressure nitrogen gas was used to assist the desorption and
ionization process. For different experiments, the voltage on the nanoelectrospray emitter was
adjusted from 1.0 kV to 2.5 kV, and the flow rate was varied from 500 to 800 nL/min. The size
of the charged droplets generated by nanoelectrospray are approximately 100 times smaller than
the droplets generated by conventional ESI.95 The ionization efficiency of nanoelectrospray is
higher in comparison to conventional electrospray.
Figure 2-6 is the mass spectrum of a 200 µM caffeine sample using nanoelectrospray.
The singly charged protonated caffeine peak [M + H]+ is observed as it is in the mass spectrum
of a 200 µM caffeine sample by conventional electrospray in Figure 2-4. However, the peak
obtained by nanoelectrospray is 3.5 times more intense than the peak obtained by electrospray.
2.3 Material Generation
Three types of sample sources were used: dry particle, combustion, and IR laser
desoption. The sample generation and experimental configurations of each are described in the
subsequent sections.
2.3.1 Merging of Dry Particles
Powder samples were dispersed using a fluidized bed aerosol generator. The particles
were merged with charged droplets from the nanoelectrospray source.
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Figure 2-6. Caffeine nanoelectrospray mass spectrum.

2.3.1.1 Aerosol Generator
Dry aerosol particles were generated with a fluidized bed powder disperser (Model 3400,
TSI, Shoreview, MN). This instrument is a general-purpose powder disperser that produces
particles in the size range from 500 nm to 40 µm and in concentrations from 10 to 100 mg/cm3.
The fluidized bed aerosol generator is illustrated in Figure 2-7. This instrument is composed of a
fluidized bed chamber and a powder reservoir. The fluidized bed contains 100 µm diameter
bronze beads supported by a porous screen that allows dry air to flow through, yet prevents the
passage of any powder. Powder is fed to the fluidized bed by a variable speed bead chain. Dry air
flows through the porous screen causing the “boiling” of the bronze beads. The continuous
motion of the bronze beads disperses the analyte powder into particles, which are then carried
upward by the airflow through a vertical elutriator, a stainless steel tube with a length of 333
mm. At the top of the elutriator, a cyclone causes particles with high inertia to collide with the
wall of the cyclone, thus preventing large particles from being dispersed. The particle size can be
25

controlled by adjusting the flow of air through the fluidized bed, and the particle concentration
can be adjusted by changing the feed rate of powder into the fluidized bed chamber.

Figure 2-7. Fluidized bed aerosol generator.
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In this research, nitrogen gas was used at a flow rate of 10 L/min. Between 3 and 4 grams
of sample was required to fill the powder reservoir. At the set flow rate, the cyclone prevents
particles larger than approximately 10 µm from exiting the particle generator. Silicon (platinumcured) tubing (96410-15, Masterflex) 4.8 mm i.d. was connected to the outlet of the aerosol
generator and extended to the mass spectrometer and the nanoelectrospray emitter. To allow a
constant flow of particles, the aerosol generator was turned on for one minute before acquiring a
mass spectrum.
2.3.1.2 Particle Sizer
An aerodynamic particle sizer (APS, Model 3321, TSI, Shoreview, MN) was used to
measure the particle size and concentration. The APS measures the aerodynamic diameter and
light-scattering intensity in real-time. Particles in the size range between 500 nm and 20 µm can
be measured to a precision of 30 nm. Light-scattering intensity measurements are recorded for
particles between 300 nm and 20 µm in size. Particle concentrations up to 10,000 particles/cm3
can be measured. A detailed descriptions of its theory of operation can be found elsewhere.82
For dry particle measurement, particles exiting the particle generator were directed into
the APS through a silicon tube connected to one side of a plastic Y connector. The other side of
the Y connector was open to the air. The purpose of the Y connector was to balance the pressure
inside the particle sizer. The sampling time for particle size and concentration measurements was
20 seconds. Figure 2-8 is the particle size distribution plot of erythromycin particles produced
using the aerosol generator. Erythromycin particles were in the size range from 0.5 µm to 3 µm,
and the mean particle size was around 1.0 µm. It can also be seen in the figure that erythromycin
particles with sizes of 0.5 µm or smaller have the highest concentration of 250 particles/cm3.
However, note that particle size and count measurements below 500 nm are significantly less
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precise. As the particle size increases from 0.5 µm to 3 µm, the particle concentration has a
roughly Gaussian shape with a highest concentration of approximately 150 particles/cm3 at the
size of 0.8 µm.
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Figure 2-8. Particle size distribution plot of erythromycin particles generated from the aerosol
generator.

2.3.1.3 Configuration of Dry Particle Merged Electrospray
The configuration of the dry particle merged electrospray ionization source is illustrated
in Figure 2-9. Unlike the nanoelectrospray experiment discussed in Section 2.2, in which the
nanoelectrospray emitter was perpendicular to the MS skimmer cone, the nanoelectrospray
emitter was placed 4 mm away and at a 60° angle to the MS skimmer in this experiment. Silicon
tubing connected the outlet of the aerosol generator to the mass spectrometer and the
nanoelectrospray emitter. The angle between the silicon tubing and the nanoelectrospray emitter
was 90°. The interaction of the dry particles from the aerosol generator and the charged solvent
droplets occurred in front of the MS skimmer cone.
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Figure 2-9. Schematic of the dry particle merged electrospray setup.

2.3.2 Combustion Source
Fuel-rich combustion was obtained using a home-built flame generator. The products
from the flame were ionized directly by merging into the charged droplets from the
nanoelectrospray source.
2.3.2.1 Flame Generator
The flame source consisted of a propane tank (Bernzomatic, Wilmington, OH) and a
glass bubbler as illustrated in Figure 2-10. Propane gas with less than 1 ppm additive ethanethiol
flowed through a brass valve (UL2317, Bernzomatic, Wilmington, OH), and a silicon tube was
used to connect the tank to the bubbler inlet.
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Figure 2-10. Schematic of the flame combustion source setup.

A flow meter controlled the flow rate of the propane gas. The end of the bubbler inlet was a
porous sintered glass tip. Solvent or fuel was added to the bubbler to a level above the sintered
glass tip. A mixture of propane and solvent or fuel vapor was generated due to the high vapor
pressure of the liquid. The gas mixture flowed through copper tubing to the propane burner head.
A copper sleeve covered the burner holes to control the air-to-fuel ratio. Fuel-rich combustion
was achieved by limiting the air flow.
Particle combustion products generated from the flame source were measured with the
APS described in section 2.3.1.2. A copper tee was placed above the flame to transfer the
combustion products to the particle sizer. One side of the copper tee was connected to nitrogen,
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and the other side was connected to a plastic tube (8889-224104, MG Scientific, Pleasant Prairie,
WI) extending to the particle sizer through a Y connector. Figure 2-11 is the particle distribution
plot of particles generated by combustion of the diesel fuel and propane gas mixture. Only the
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Figure 2-11. Particle distribution plot of diesel fuel and propane gas mixture combustion
products.

2.3.2.2 Mass Spectrometer Configuration
The configuration of the flame source with the mass spectrometer is illustrated in Figure
2-12. A 1/2 in. inner diameter copper tee was placed above the flame to transfer the combustion
products to the ion source. The flame position was around 2~3 cm inside the bottom of the
copper tee. One side of the copper tee was connected to the nitrogen carrier gas and the exit was
open and parallel to the MS skimmer cone and perpendicular to the nanoelectrospray emitter. A
venturi section made from a 1/4 in. inner diameter stainless steel union tee (A-400-3, Swagelok)
was placed inside the copper tee at the center. The nanoelectrospray emitter was held 8 mm away
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from the MS skimmer cone. As a result of the venturi effect, combustion products were pulled
from the flame and into the spray.

Figure 2-12. Configuration of the flame source with the mass spectrometer.

Smoke was also sampled directly. The smoke was generated directly from the
combustion of cigarettes, incense or candles. While the smoke was generated, the burning
material was placed between the nanoelectrospray emitter and the MS skimmer cone and around
5 cm below the emitter as illustrated in Figure 2-13. The smoke slowly passed through the path
of the charged droplets.
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Figure 2-13. Configuration of the smoke source with the mass spectrometer.

2.3.2.3 Combustion Product Collection and Analysis
Diesel fuel combustion products were collected with an Andersen N6 single–stage
impactor (Thermo Andersen, Smyrna, GA). The impactor is composed of an aluminum inlet
cone, jet stage and a base plate held together with three spring clamps and sealed with an O-ring
gasket as illustrated in Figure 2-14. The impactor is equipped with a 400 hole accelerator plate
containing 0.26 mm diameter holes. Each holes serves as a separate impaction mini-jet. The
impactor was operated at 28.3 L/min, and it uses a rotary vane pump specifically designed and

33

calibrated for this impactor. The impactor has a sharp cutoff diameter for particles greater than
0.6 µm.

Accelerator Plate
Base Plate

Inlet

Figure 2-14. Image of assembled (left) and disassembled (right) Andersen N6 Single-stage
Impactor.

Diesel fuel flame particulate was collected with the impactor for approximately 1 hr
using the configuration illustrated in Figure 2-15. The flame products were directed through a
copper inlet to a glass connector, and connected to the impactor inlet. For safety, the sample
collection was performed in the fume hood. After 1 hr collection, approximately 0.5 mg of the
collected samples were weighted, and transferred from the base plate of the impactor into a glass
vial filled with 5 mL methanol and 0.2% acetic acid solution for the MALDI analysis.
The collected sample was analyzed with a MALDI-TOF mass spectrometer (Omniflex,
Bruker, Billerica, MA). MALDI-TOF is equipped with a nitrogen laser (λ=337 nm, 3 ns pulse
width) operated at 5 Hz. It can be operated in both linear and reflectron mode. In this work, no
matrix was used for the analysis and the data was obtained in reflectron mode.
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Figure 2-15. Configuration of the flame products collection by Andersen N6 impactor.

2.3.3 Infrared Laser Desorption Electrospray Ionization
In this experiment, the materials generated from IR laser desorption and ablation were
merged and post-ionized by nanoelectrospray. Proteins, biological fluids and pharmaceuticals
were tested with this system.
2.3.3.1 Laser Desorption and Ablation
Laser desorption and ablation is the process of removing material from a solid or liquid
sample by irradiating with a pulsed laser. Both ultraviolet (UV) laser and infrared (IR) lasers can
be used to ablate material from the sample. The amount of material removed with a single laser
pulse depends on the material’s optical properties and the laser wavelength. Laser pulses can
vary over a wide range of durations and fluences and can be precisely controlled. A schematic
(Figure 2-16) illustrates a common laser desorption and ablation setup. A stainless steel sample
target is usually used for the sample deposition, and a thin layer of sample solution is placed on
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this sample target. Laser light is directed through an attenuator and focusing lens onto the
sample. Molecules, particles and droplets are produced by laser irradiation of the sample.

Figure 2-16. Laser desorption and ablation setup.

2.3.3.2 Er:YAG Laser
A pulsed solid-state Er:YAG laser (Bioptic Lasersysteme, Berlin, Germany) was used in
this research. An Er:YAG laser emits light with a wavelength of 2.94 µm. The maximum pulse
energy was 9 mJ with a pulse duration of 100 ns and a repetition rate of 10 Hz. Figure 2-17 is the
schematic of the Er:YAG laser configuration. The laser was coupled into the instrument with a
50 mm focal length (25 mm diameter) CaF2 plano-convex lens and a 450 µm core diameter
germanium oxide optical fiber (Infrared Fiber Systems, Inc., Silver Spring, MD). The optical
fiber provides an easy way to manipulate the laser light so that it can be delivered to the target in
a safe and relatively simple fashion. The optical fiber was placed on a xyz translation stage (MTXYZ; Newport) in front of the CaF2 plano-convex lens. The output of the optical fiber was
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collimated and focused on the sample surface using a 12.5 mm diameter CaF2 plano-convex
lenses with focal lengths of 50 and 20 mm respectively. Similar coupling of a pulsed IR laser
with a sapphire optical fiber has been described previously.96 The lenses at the output of the optic
fiber were mounted on a xyz translation stage for focusing and aligning the laser with respect to
the sample and nanoelectrospray. The laser beam was incident at 45o with respect to the sample
target. The spot size of the laser beam at the target was approximately 200 µm as determined
with burn paper. The laser energy at the output end of the optical fiber was 1.0 mJ/pulse. An
additional 10 to 20% attenuation of the laser energy at the target is expected due to absorption
and reflection losses in the remaining optical components.

Figure 2-17. Er:YAG laser setup. The laser was focused onto the optical fiber by a 50 mm
plano-convex lens. The output of the fiber was focused onto the sample using two plano-convex
lenses with focal lengths of 50 and 20 mm respectively.
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2.3.3.2 Infrared Laser Desorption Electrospray Ionization Source Configuration
Figure 2-18 shows a photograph and a schematic of the infrared laser desorption
electrospray ionization sourc. The nanoelectrospray emitter was attached to a compact linear xyz
translation stage. A stainless steel sample target was attached to a xyz translation stage, and was
positioned between the MS skimmer cone and the nanoelectrospray emitter. The
nanoelectrospray source was placed 6 mm from the skimmer cone and samples were placed 5
mm below the aperture. The pulsed laser was directed onto the sample so that the point of
irradiation was at the mid point between the spray tip and the skimmer cone. Samples were
deposited on the sample plate and irradiated with the laser. Material that was desorbed or ablated
by the laser was ionized by interaction with the charged droplets in the ESI plume.

Figure 2-18. Photograph (left) and schematic (right) of the IR MALDESI ion source. A is the
nanoelectrospray emitter, and it is placed on an xyz translation stage B. C is the sample target. D
is the lens tube, which is used to hold the plano-convex lenses. E is the mass spectrometer
skimmer.
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2.4 Reagents and Chemicals
For the dry aerosol particle experiments, the reagents caffeine, lysine, asparagine and
erythromycin A were used in powder form as obtained from the manufacturer (Sigma, St. Louis,
MO). Commercial ibuprofen tablets (Nuprin) and artificial sweetener (Splenda) were ground into
powder using a mortar and pestle. Instant cocoa powder (Starbucks) was used directly from the
package. The solvents, HPLC grade acetonitrile and formic acid, were used as obtained from the
manufacturer (Sigma) without further purification.
For the fuel-rich combustion experiments, toluene and m-xylene were used as obtained
from the manufacturer (Sigma). Diesel fuel was purchased from a local Exxon Mobil gas station.
Cigarettes (Camel), scented sandalwood incense sticks (Florasense), and paraffin wax candles
were used directly from the package. The solvents HPLC grade methanol and acetic acid were
used as obtained from the manufacturer (Sigma) without further purification.
For the IR laser assisted desorption electrospray ionization experiments, the peptide
bradykinin and protein cytochrome c were purchased from Sigma-Aldrich (St. Louis, MO).
Solubilized ibuprofen capsules (Advil LIQUI-GELS, Wyeth; Madison, NJ), cough syrup
(Nyquil, Vicks; Procter & Gamble; Cincinnati, OH) and hydrocortisone cream (Cortizone, Pfizer
Inc.; Morris Plains, NJ) were purchased from a local drug store. Blood was obtained from a
volunteer using a lancet with the droplet directly transferred to a stainless steel target for
analysis. Urine samples were collected using centrifuge tubes from two volunteers, a healthy
person and a hypertension patient who had recently taken the drug atenolol. The urine samples
were analyzed by depositing 3.0 µL directly onto the target without any sample pretreatment.
HPLC grade methanol and acetic acid were obtained from Fisher Scientific (Pittsburgh, PA) and
ultra-pure water (18 MΩ-cm, Barnstead E-pure System, Dubuque, IA) was used.
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CHAPTER 3. MERGED ELECTROSPRAY OF AEROSOL PARTICLES*
Part of the work reported in this chapter has been published in Rapid Communications in
Mass Spectrometry.97
3.1 Introduction
As described in Chapter 1, nebulized liquid sample particles and laser desorbed or ablated
materials can be ionized by merging with electrospray under ambient conditions. In the research
described in this chapter, this method has been extended by merging an electrospray with
analytes in dry aerosol particles. Merging of the dry particles with the electrospray leads to the
ionization of material in the dry particles.
The objective of this research was the development of an ionization method for the rapid
analysis and detection of dry aerosol particles without collection and pretreatment. The effects of
aerosols on human health, atmospheric chemistry, and climate are among the central topics in
current environmental research,98,
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and the ability to rapidly analyze aerosols at ambient

condition is an important goal in this area. The study of merged electrospray ionization for the
analysis of dry aerosol particles will help to reach this goal. Further, the analysis of dry aerosol
particles using merged electrospray ionization can aid in the understanding of laser desorption
electrospray ionization described in Chapter 5. Laser desorption and ablation generates
molecules and particles. Since dry particles can be directly ionized by electrospray, using
electrospray to ionize laser-generated materials should also be applicable.
In this study, materials in dry powdered samples were ionized directly through the
interaction with an electrospray of charged solvent droplets. Dry powder samples were loaded

*Reprinted by the permission of Wiley-Blackwell.
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into a fluidized bed powder disperser and entrained in a flow of compressed nitrogen gas. The
dry aerosol particles were merged with a solvent-only electrospray. Ions formed through the
interaction of the electrosprayed droplets and dry particles were introduced into the ion trap mass
spectrometer. Samples of powdered lysine, asparagine, caffeine, erythromycin, powdered cocoa
mix, artificial sweetener and ibuprofen were tested with this method.
3.2 Experimental
The experimental configuration for dry particle merged electrospray was described in
detail in Chapter 2, Section 2.3.1. The nanospray tip was held 4 mm away from the sampling
cone of the mass spectrometer at a 60º angle from the skimmer cone axis. An equal volume
mixture of acetonitrile and 0.2% formic acid was used as the spray solvent, which was pumped
through a 50 µm i.d. silica capillary with a syringe pump at a flow rate of 500 nL/min. Nitrogen
gas at 3 PSI (20 kPa) pressure was used as the pneumatic assist gas. The voltage applied to the
needle and the sampling cone were +2.0 kV and +40 V, respectively. The angle between the 4.8
mm i.d. silicon tubing and the nanosprayer was approximately 90º for this work. However, no
significant difference in the signal-to-noise ratio was observed when the angle was varied
between 70º and 100º. Mass spectra were acquired in positive-ion mode and ions were
accumulated for 100 ms in the trap. The reproducibility of the aerosol DESI spectra was verified
by repeating experiments three times.
The size of the particulate from the fluidized bed aerosol generator varied somewhat
depending on the grain size of the analyte powder. The mean aerodynamic diameters for the
analytes used in this work were caffeine (1.3 µm), erythromycin A (1.0 µm), cocoa (2.9 µm),
sweetener (1.3 µm), and ibuprofen (2.0 µm). The total mass concentration of the particles at the
outlet varied between 0.2 and 2 mg/m3.
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Lysine and asparagine were used initially to test the applicability of this ionization
method, and they were handled differently than the other samples. Samples of lysine and
asparagine were ground into powders using a mortar and pestle. The sizes of the ground particles
were approximately 100 µm in diameter measured with a direct measuring microscope (Edmund
Scientific, Barrington, NJ). Note that this optical method is not efficient at detecting nm sized
particulate. Then, the powder was placed in a micropipette tip that worked as a funnel, allowing
the powder to drop through the tip under the influence of gravity when tapped. The micropipette
was held 1 cm above the nanospray emitter, and lysine and asparagine powder were dispersed
directly into the path of the nanospray solvent droplets. Other experimental conditions were the
same as indicated above.
3.3 Results
The mass spectra generated by directly dispersing the lysine and asparagine powders into
the nanoelectrospray are shown in Figure 3-1 and Figure 3-2, respectively.

Figure 3-1. Positive-ion merged electrospray ionization mass spectrum of lysine.
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For lysine (MW = 146 Da) particles, three intense peaks were observed in the spectrum. The
peak at m/z 130 represents the protonated molecule after loss of a hydroxyl group (–OH). The
peak at m/z 147 and the m/z 169 peak represent the protonated lysine molecule [M + H] +, and the
sodium-cationized lysine [M + Na] + ion. For the asparagine (MW 132) particles, the peaks
observed at m/z 155 and 133 correspond to the sodium-cationized asparagine molecule [M +
Na]+ and the protonated asparagine molecule [M + H]+, respectively. There are other peaks in the
spectrum that are likely due to fragmentation or aggregation of the analyte molecules. These
results suggest that charged droplets from the electrospray are able to directly ionize molecules
in dry particles without completely dissolving them. Due to the relative large sizes of the
particles, the ionization likely occurs through the brief interaction between the charged solvent
droplets and the analyte dry particles. The solvent droplet may desorb the analyte molecule from
the surface of the dry particle. However, it is possible that nm sized particles could participate in
this process.

Figure 3-2. Positive-ion merged electrospray ionization mass spectrum of asparagine.
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A mass spectrum obtained from direct ionization of caffeine powder dispersed using the
aerosol generator is shown in Figure 3-3. The most intense peak in the spectrum corresponds to
the protonated caffeine molecule, [M + H]+, at m/z 195. A less intense peak at m/z 217
corresponds to sodium-cationized caffeine, [M + Na]+. The spectrum is similar to the caffeine
conventional ESI mass spectrum as shown in Figure 2-4 and Figure 2-6. This result shows that
caffeine powder can be directly ionized by the charged solvent droplets. However, due to the
high vapor pressure of caffeine, it is impossible to tell whether the MS signal comes from the
particles or from the caffeine vapor.

Figure 3-3. Positive-ion merged electrospray ionization mass spectrum of caffeine; the [M + H]+
peak is at m/z 195.
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Figure 3-4. Positive-ion merged electrospray ionization mass spectrum of erythromycin; the [M
+ H]+ peak is at m/z 734.

To further address this question, a higher mass and lower vapor pressure powdered
sample, erythromycin, was tested under the same conditions as caffeine. Erythromycin A (EA)
was dispersed using the aerosol generator and the resulting mass spectrum is shown in Figure 34. The peak corresponding to the protonated EA molecule is observed at m/z 734. The peaks at
m/z 716 and 576 correspond to the loss of a water molecule and the loss of a cladinose sugar
fragment (MW=158 Da) respectively. The peak at m/z 558 is assigned to the loss of both the
cladinose sugar and the water molecule. The peaks at m/z 540 and 522 are assigned to the
successive losses of one and two water molecules from the fragment of EA at m/z 558,
respectively. The m/z 158 peak corresponds to the cladinose sugar residue. The observed mass
spectrum is similar to the ESI mass spectra of EA previously reported.100, 101 A similar mass
spectrum, as shown in Figure 3-5, was observed with our instrument using standard electrospray
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with 0.14 mM EA in 1:1 (v/v) acetonitrile and 0.2% aqueous formic acid sprayed at a flow rate
of 3.3 µl/min. This result suggests that the MS signal obtained from direct analysis of powdered
erythromycin may come from the particles due to its low vapor pressure. If there are no free
erythromycin molecules, ionization must occur through the interaction of the electrospray
droplets with the surface of the large erythromycin particles or the pick-up of nm sized
erythromycin particles (if the latter are present).

Figure 3-5. Positive-ion conventional electrospray mass spectrum of erythromycin A.

To further validate the dry particle merged electrospray ionization system, some
commonly available powdered food and drug samples were tested. The mass spectrum obtained
from dry instant cocoa powder is shown in Figure 3-6. Here the powder was added directly to the
fluidized bed with no pretreatment. The dominant peak in the mass spectrum at m/z 181 is
assigned to protonated theobromine, an alkaloid of the cacao tree (Theobroma cacao) and a
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major component of cocoa. The peak at m/z 203 is assigned to sodium-cationized theobromine,
[M + Na]+. A peak corresponding to protonated caffeine appears at m/z 195 in the spectrum.
Other peaks are not assigned, but likely represent other components in cocoa powder, such as
phenols, flavonoids and sugars, as well as smaller molecular fragments of various compounds.
This experiment shows that the predominant components in the food samples can be directly
analyzed without any pretreatment.

Figure 3-6. Positive-ion merged electrospray ionization mass spectrum of cocoa powder. The
m/z 181 peak (T1) corresponds to protonated theobromine and the peak is at m/z 195 (C) is
protonated caffeine. T2 is the peak corresponds to sodiated theobromine.

Figure 3-7 shows the mass spectrum of a powdered artificial sweetener, which is a
mixture of sucralose (C12H19Cl3O8) and the bulking agents maltodextrin and glucose. The most
intense peak observed in the spectrum corresponds to the sodium cation adduct of glucose at m/z
203. The glucose protonated molecule peak at m/z 181 is also observed in the spectrum.
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Figure 3-7. Positive-ion merged electrospray ionization mass spectrum of sweetener powder, the
[M + Na]+ and [M + H]+ of glucose peaks are at m/z 203 and 181, respectively.

The m/z 163, 145, 127 and 109 peaks correspond to glucose that has lost one to four water
molecules, respectively. There are other peaks in this spectrum, which may due to other
ingredients in the sweetener such as carbohydrates and maltodextrin or their fragments. This
spectrum is similar to the mass spectrum of merged electrospray of pure powdered glucose as
shown in Figure 3-8. Figure 3-8 was obtained by dispersing pure glucose powder using the
aerosol generator into the charged electrospray droplets. The most prominent peak in Figure 3-8
is also the sodium cation adduct of glucose at m/z 203. It is known that glucose forms adducts
with sodium cation, and sodium chloride has been used to isolate pure glucose from
impurities.102 This explains why the most intense peak in the spectrum is the sodiated glucose
peak. In addition, the sodium adduct of glucose observed in the spectrum suggests that the ion
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was formed from a charged droplet. This supports the droplet pickup mechanism of the
ionization method.

Figure 3-8. Positive-ion merged electrospray ionization mass spectrum of glucose powder, the
[M + Na]+ of glucose peak is at m/z 203.

Pharmaceutical analysis in complex matrixes is one of the most challenging topics in
modern analytical chemistry. High-throughput pharmaceutical analysis was demonstrated using
DESI-MS for solid tablets.103 Besides tablets, many pharmaceutical products are in powder form.
As a demonstration, direct analyses of the active components in a powdered drug were
performed using merged electrospray ionization. The mass spectrum resulting from merging dry
particles of a powdered ibuprofen tablet with the electrospray is shown in Figure 3-9. The tablets
were ground into powder using a mortar and pestle, and then the powder was dispersed using the
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aerosol generator. The ibuprofen tablet is a complex matrix. Its active ingredient is ibuprofen
along with other additives. The ibuprofen is present in a relatively high concentration. In the
spectrum, the m/z 207 peak corresponds to protonated ibuprofen and the m/z 229 peak
corresponds to the ibuprofen sodium adduct. The m/z 177 is assigned to a fragment resulting
from the loss of formaldehyde and the most intense peak at m/z 161 corresponds to ibuprofen
that has lost its carboxylic acid group.

Figure 3-9. Positive-ion merged electrospray ionization mass spectrum of powdered ibuprophen
tablets. The [M + Na]+ and [M + H]+ of ibuprofen are at m/z 229 and 207, respectively.

The molecular formulae of the identified peaks were confirmed by calculating the isotope
peak percentage and considering the measured mass and mass accuracy. The selected peaks are
either protonated or sodiated peaks of the ananlyte. The results are listed in Table 3-1. The
theoretical isotope peak percentage can be calculated by use of the following formulas if only C,
H, N, O, F, P and I are present,104
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%(M+1) ≈ 1.1*number of C atoms + 0.36*number of N atoms
%(M+2) ≈ (1.1*number of C atoms)2/200 + 0.20*number of O atoms
As shown in the table, the mass accuracy of the measurements of pure sample caffeine
and erythromycin is good relative to the resolution of the instrument, and the measured isotope
peak percentages of these two analytes are also very close to their theoretical values (within
10%). For cocoa powder and artificial sweetener, the most intense peaks in the spectrum are
assigned to the protonated theobromine and sodiated glucose. The mass accuracy of these two
measurements is also good, and the isotope peak percentages are close to their theoretical values.
However, the mass accuracy of the protonated ibuprofen peak is high value, and the measured
isotope peak percentage is also off the theoretical value by approximately 50%. This may be due
to the relatively low intensity for the ibuprofen peak and the fact that the isotope peaks are not
well resolved. Since most of the experimental values of the isotope peak percentage are close to
their corresponding theoretical values, and the mass accuracy of the assigned peaks are in the
acceptable range for the ion trap mass spectrometer, this supports the assignment of the peaks
observed in the experiments.
Table 3-1. Calculation of the mass accuracy and comparison of isotope peak percentage of some
identified peaks.
Molecule
Caffeine
[M+H]+
Erythromycin
[M+H]+

Measured
m/z Value
of [M+H]+
195.07

Accurate
Mass of the
Molecule
195.0877

Mass
Difference
(ppm)
90

Measured
Isotope Peak
Percentage
11%

Theoretical
Isotope Peak
Percentage
10%

734.51

734.4685

56

38%

41%
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(Table 3-1. Cont.)
Theobromine
[M+H]+
Glucose
[M+Na]+
Ibuprofen
[M+H]+

181.14

181.0720

375

9%

9%

203.07

203.0526

85

8%

7%

206.94

207.138

955

7%

14%

3.4 Discussion
The ionization mechanism of merged electrospray ionization of dry particles has not been
fully elucidated in this proof-of-principle study. However, we postulate that there are two likely
mechanisms for the ionization of materials in dry aerosol particles. The first is a variation of the
droplet pick-up mechanism for desorption electrospray ionization.37 For DESI, the droplet pickup process includes three steps: surface wetting by the solvent droplets, generation of the
progeny droplets, and progeny droplets bouncing off the surface.45, 105 For merged electrospray
ionization of dry particles, droplets dispersed by electrospray impinging on a dry particle may
extract analyte molecules during their brief contact time with the surface. The departing droplets
retain the analyte molecules and subsequently form analyte ions by the standard electrospray
mechanisms. Since the nanoelectrosprayed droplets are much smaller than the micrometer-sized
dry particles,94, 95 merging of the entire dry particles into the droplets will not likely lead to the
ion formation. In addition, during the traveling process of the charged electrospray droplets from
the nanospray emitter tip to the MS skimmer, the size of the droplets will become smaller due to
the solvent evaporation. With an aerosol, the charged electrospray droplets may collide with the
larger dry particles and extract material from the surface of the particles, and thereafter expel
ions via the standard electrospray mechanism.
A second mechanism can occur when the analyte has sufficiently high vapor pressure. In
this case, evaporation can occur followed by either gas phase ionization or merging of the gas
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molecule in the droplet. Given the vapor pressure of caffeine, it is expected that a gas phase
mechanism will be in effect for this molecule. However, the sodium adduct of caffeine observed
in Figure 3-3 suggests that the ion was formed from a charged droplet. Thus, in this case, it
seems likely that gas phase ionization or a combination of gas phase ionization and droplet
pickup is occurring. Given the relatively large molar mass, the erythromycin sample is expected
to have a much lower vapor pressure compared to caffeine and therefore it is anticipate that in
this case, the ionization mechanism is dominated by droplet pick-up.
To completely elucidate the ionization mechanism of merged electrospray ionization of
dry particles, much remains to be done, such as evaluating the mass spectra of various types of
particulate samples and systematical measurement of the particle size (including the nm range)
and its effects on the MS signal intensity.
3.5 Summary
The method of merged electrospray ionization has been extended to the analysis of dry
aerosol particles. Ions are formed by interaction of the charged electrospray droplets and dry
aerosol particles. It has been demonstrated that samples in powdered form can be analyzed
directly without pretreatment or processing. Various samples were analyzed including pure
samples and mixtures. Singly charged protonated molecule peaks of pure samples and singly
charged protonated molecule peaks of major mixture constituents were observed. Fragment
peaks were also observed in some samples. The ionization of low vapor pressure compounds
indicates a mechanism similar to droplet pick-up suggested for DESI of surfaces.
Future studies will be directed at extending dry particle merged electrospray to
compounds with larger molar masses such as proteins and lipids that are likely components of
bioaerosols. A small-scale powder disperser will be used in these bioaerosol studies to limit

53

sample consumption due to limited sample availability. Standard biomolecules, such as
bradykinin, insulin and cytochrome c, will be used initially. Bioaerosols, such as pollen and
bacterial samples will then be studied.
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CHAPTER 4. MERGED ELECTROSPRAY IONIZATION OF
COMBUSTION PRODUCTS
4.1 Introduction
Combustion is an important environmental concern due to its toxic component emission
during the combustion processes.106, 107 In addition to the emission of gaseous pollutants, such as
CO, NOx, SOx, or low mass volatile organic compounds, particulate matter is also emitted.108
Fine and ultrafine soot particles with diameter smaller than 2.5 µm are dominant in combustion
emissions.108 Most importantly, these fine and ultrafine particles pose great health risks to
humans because of their innate ability to deposit deep in the lungs.109 Therefore, rapid detection
of combustion products is important in the areas of environmental and human health.
Many techniques have been used for combustion products detection. Laser spectroscopy
techniques such as laser induced fluorescence spectroscopy (LIF) and Raman spectroscopy have
been used in combustion diagnostics.110, 111 LIF is an emission spectroscopy technique used to
analyze combustion products and is sensitive and reliable.112 However, the sample pretreatment
is time-consuming, and the data interpretation is complicated. Raman spectroscopy113 provides
simple data interpretation and multi-species analysis of combustion products. However, the
Raman scattering process is extremely weak, and Raman spectroscopy suffers from poor
sensitivity.
Mass spectrometry has been an effective technique for obtaining the chemical
information of combustion products. Examples of techniques are laser microprobe mass
spectrometry (LAMMA),108 MALDI,114 atmospheric-pressure chemical ionization (APCI) and
GC-MS.115 However, these methods all require analyte collection and extraction or dissolution of
the sample or other preparation steps. Such processes are time-consuming. Recently, rapid
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analysis of PAHs in atmospheric aerosols without extraction or pre-concentration using DESI
was reported.116, 117 However, sample collection is still a requirement. A major advantage of
merged electrospray ionization for the analysis of combustion products is that no sample
collection or treatment is required. The analysis can be performed on combustion products in real
time.
An important consideration in this research was whether the signal arises from particles
or gas phase molecules when using merged electrospray ionization. In order to test this, we
analyzed several combustion products using this method. Initially, smoke samples from
cigarettes, incense and candles were analyzed by direct merging into the nanoelectrospray. Next,
incomplete combustion products of hydrocarbon fuels, such as toluene, xylene and diesel fuel,
were tested using this ionization method. Incomplete combustion was achieved using a homebuilt flame source. The flame products were transferred through a copper tee into the
nanoelectrospray region and detected with the ion trap mass spectrometer. Using this ionization
method, no sample collection is needed and a mass spectrum can be obtained in seconds.
4.2 Experimental
The experimental configuration for merged electrospray of combustion products was
described in detail in Chapter 2, Section 2.3.2. For smoke analysis, a 4:1 (v/v) mixture of
methanol and 0.2% acetic acid was used as the spray solvent and was pumped through a 50 µm
i.d. silica capillary tubing with a syringe pump at a flow rate of 500 nL/min. Smoke samples
were directly passed through the path of the spray. Different methanol and water ratios for the
electrospray solvent were tested, and no significant difference in the signal-to-noise ratio was
observed when changing the solvent composition.
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For fuel combustion analysis, a 1:1 (v/v) mixture of methanol and 0.2% acetic acid was
used as the spray solvent at a flow rate of 833 nL/min. The flame was controlled by setting the
flow rate of propane to approximately 0.03 m3/h, and by controlling the air-to-fuel ratio. The fuel
is a mixture of propane and the solvent vapor. The ratio of the propane and the solvent vapor is
determined by the vapor pressure of the solvent at room temperature and atmospheric pressure.
The vapor pressure of toluene is 25 mm Hg, which is two times higher than xylene. Flame
products were transferred to the spray region due to the venturi effect in the tee. The flow of
nitrogen gas, which was connected to one side of the tee, was set at approximately 0.06 m3/h.
The voltage applied at the nanospray emitter and the sampling cone were +3.0 kV and
+40 V, respectively. No pneumatic gas was used for this experiment. Mass spectra were acquired
in positive-ion mode and ions were accumulated for 100 ms in the trap.
4.3 Results and Discussion
4.3.1 Direct Analysis of Smoke
Smoke is usually an unwanted by-product of combustion that contains solid and liquid
particulate and gases. Cigarettes, stick incense and candles can be easily used as smoke sources.
In this study, smoke samples were analyzed without any pretreatment with merged electrospray
ionization. Once these tests proved successful, a more sophisticated combustion source was built.
The spectra obtained from cigarette smoke and sandalwood-scented stick incense smoke
are shown in Figure 4-1 and 4-2 respectively. It has been reported that nicotine (MR = 162) is the
major component in cigarette sidestream smoke with a number of other small molecular weight
components detected by GC-MS, such as phenol, limonene, hexamethylenetetramine, 3vinylpyridine, and high molecular weight components such as polycyclic aromatic hydrocarbons
(PAHs).118-120 The assignment of the peaks in the cigarette smoke mass spectrum is carried out
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by consulting literature data for compounds present including their expected yields, and by the
compounds’ chemical properties, i.e. ionization potentials under electrospray condition.
In Figure 4-1, the most intense peak is assigned to the nicotine [M + H]+ peak observed at
m/z 163. The high intensity of the nicotine peak is due to its high concentration in the smoke, and
the fact that it is easily ionized by protonation. The (M+1) isotope peak percentage of nicotine,
which is denoted by the arrow in the insert graph, is measured as 12% in the spectrum. It is
identical to the theoretical isotope peak percentage of nicotine calculated as 12%. This
comparison confirms the assignment of the nicotine peak.
Other less intense peaks in the low mass range may be due to the other components in the
smoke. The peak at m/z 95 is tentatively assigned to the protonated phenol, and the peak at m/z
141 is tentatively assigned to the protonated hexamethylenetetramine that has been reported to be
present in the particulate phase of sidestream of cigarette and is formed by the reaction of
ammonia and formaldehyde.121 However, due to the relatively low intensity in the spectrum and
possibility to overlap with other nearby peaks, the measured value of the isotope peak percentage
for these two peaks cannot confirm the assignment. To confirm the identified peaks and further
identify other low intensity peaks, tandem MS or a high-resolution mass spectrometer is
necessary. Further, due to the high intensity of the nicotine peak, peaks from some other
components such as PAHs, which has been detected at trace levels in the cigarette smoke by GCMS,118, 122 are obscured and cannot be identified in the spectrum.
Nicotine has been reported to be 50-80% in the gaseous phase of the cigarette smoke
sidestream,123 while other researchers report its presence almost entirely in the particulate
phase.124 In spite of its particulate phase, nicotine will readily evaporate from the particles due to
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its the high vapor pressure. Thus, in this experiment, it is likely that ionization occurs by pick up
of gas molecules by the electrospray droplet.

Figure 4-1. Positive-ion cigarette smoke merged electrospray ionization mass spectrum. The
insert graph is the enlargement of the most intense protonated nicotine peak.

Incense smoke is another source of smoke particulate.125, 126 It has been reported that
burning of incense generates accumulation mode and coarse mode particulate. 127 Incense smoke
has been studied extensively by using GC-MS, 2-dimentional GC-MS and LC-MS, and many
components have been identified such as PAHs and metals.127, 128
The incense used in this experiment was sandalwood incense. In Figure 4-2, the peak at
m/z 222 was assigned to the protonated santalol molecule (C15H24O), which is the main
component of sandalwood oil and likely to be generated during the combustion of the incense.
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The m/z 244 peak corresponds to sodium-cationized santalol, [M + Na]+. The most intense peak
is at m/z 177, which may correspond to the fragment of santalol molecule. To confirm these
assignments, the isotope peak percentage of peak at m/z 222 was also measured and shown in the
insert graph of Figure 4-2. The theoretical values of santalol (M+1) isotope peak and (M+2)
isotope peak are calculated as 16% and 1.5% respectively. In comparison with the theoretical
values, the measured values are off by -23% for the (M+1) isotope peak and +53% for the (M+2)
isotope peak. This may be due to the fact that the peak is broad and not sufficiently intense to be
measured accurately, or it may be that the assignment of the peak to the santalol is incorrect. To
confirm this assignment, a high-resolution mass spectrometer is necessary. There are other low
mass peaks in this spectrum not assigned, which may be due to minor components in the incense.
By examining the isotope peak patter of all the peaks in the figure, no metal containing
compounds, which have been detected in the incense smoke using other techniques, were
identified. It may be that the metal containing compounds are not easily ionized under
electrospray conditions. No significant peaks were observed at mass range above m/z 300 in
Figure 4-2.
In the cigarette and incense smoke experiments, only low mass components in the
cigarette and incense smoke were detected using our method. This may be due to the low
concentration or low ionization efficiency of the higher mass components. If ions forming from
low vapor pressure molecules can be detected using merged electrospray ionization, they are
suggestive of ions formed from particles. Additional experiments described below were
performed in order to address this issue of ion formation from particulate.
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Figure 4-2. Positive-ion incense smoke merged elecrospray ionization mass spectrum. [M + H]+
and [M + Na]+ are protonated and sodiated santalol peaks, respectively. The insert graph is the
enlargement of the protonated santalol peak.

Candle smoke was analyzed because it was found to be a highly variable source of
particles, and the burning manner of the candle affected its particle emissions.129 For this
experiment, an ordinary white candle, which is composed of paraffin wax and a cotton wick, was
used. The burning was under ambient laboratory conditions for each measurement. The smoke
was generated directly after extinguishing candle, and a black smoke could be seen with the
unaided eye.
Paraffin wax consists of the alkane hydrocarbon solids with the general formula C n H2n+2
(n = 20 - 40). When the candle wax is heated, the hydrocarbon chain molecules break down. The
mass spectrum collected from candle smoke using merged electrospray ionization is shown in
Figure 4-3. No signals could be observed when the electrospray was run without the smoke or
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when the smoke was generated without the electrospray. Fine et. al. have demonstrated using
GC-MS that approximately 95% products from burning of paraffin candle are hydrocarbons,
including alkanes, alkenes, and cyclic hydrocarbons.130 Thus, the series of peaks from around
m/z 200 to m/z 600 with a 14 m/z spacing are likely to be the alkanes or alkenes with different
number of CH2 groups. Since alkanes and alkenes are not easy ionized under electrospray
conditions, we tentatively assigned the detected peaks to the protonated aromatic hydrocarbons,
some with an alkane side chains.
To confirm the assignment of the peaks, the most intense peaks in the 480-500 m/z range
in the spectrum were enlarged and analyzed. This group of peaks is shown in the insert graph in
Figure 4-3. The intense peaks in the inset graph denoted by the red dots are separated by m/z 2,
which is likely to be the dehydrogenation (-H2) or hydrogenation (+H2) on the alkane chain. Each
of the intense peaks has a low intensity (M+1) isotope peak, which are denoted by asterisks in
the inset graph. Table 4-1 lists the m/z values and intensities of these peaks and their isotope
peaks. The measured isotope peak percentages are listed in the table. If the molecule of these
corresponding to the peak at m/z 493.7 contains only carbon and hydrogen atoms, the
corresponding molecular formula is C35H72. The theoretical isotope peak percentage of C35H72 is
calculated as 39%, which is much higher than the measured value. The difference between the
theoretical value and measured value may be due to the relatively low resolution of the
instrument, which leads to the inaccurate measurement of the isotope peak intensity. Also, in the
insert figure, a peak at m/z 495.6 (denoted by the arrow) is likely to be the (M+2) isotope peak of
the peak at m/z 493.7. If this is the case, the corresponding molecule of this peak may contain
oxygen atoms or sulfur atoms, which is possible because the oxygen is rich in the air and sulfur
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may exist in the candle wick. Thus, the assignment of the peak to the protonated aromatic
hydrocarbons with an alkane side chain is not conclusive.
In addition, the observed peaks may be the radical cations instead of protonated
molecules. A comparison experiment was performed with a deuterated solvent (50% CH3OD +
50% D2O + 0.1% AA) as the electrospray solvent. If the peaks are from the protonated
molecules, then by using the deuterated solvent, the (M+1) peak intensity should increase
significantly. However, this was not observed. The reason may be that the acetic acid used was
not deuterated, and the proton for the ionization mainly comes mainly from the acid. However,
the deuterium atom from CH3OD or D2O should still lead to the increase of the (M+1) peak
intensity. Thus, it cannot be excluded that the observed peaks may come from the radical cations
of the hydrocarbons generated during the candle combustion.
Table 4-1. The m/z value and intensity of the peaks in the insert graph of Figure 4-3.
m/z

485.7

486.7

487.8

488.8

489.6

Intensity

20.557

5.168

37.985

9.832

52.330 12.174 63.603 16.286 77.228 21.921

Isotope
Peak
Percentage

25%

26%

490.6

23%

491.7

492.7

26%

493.7

494.7

28%

Since it is difficult to affirmatively assign the peaks observed from the candle smoke, it is
difficult to infer information about the ionization mechanism in this experiment. However, the
high mass peaks up to m/z 600 observed in the spectrum suggests that the ions may be generated
from particulates instead of from gas molecules due to the low vapor pressure of high mass
compounds.
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Figure 4-3. Positive-ion candle smoke merged electrospray ionization mass spectrum. The
insert graph is the enlargement of the most intense peak group at m/z 493.

4.3.2 Direct Analysis of Flames
Based on the success of the smoke analysis, a flame source was constructed and the
analysis of fuel-rich combustion products with merged electrospray ionization was performed.
Fuel-rich combustion generates soot particles and higher concentration PAHs in comparison to
the smoke samples.131 The observation of signals from soot particles and higher mass PAHs,
which are more likely physically absorbed or chemically bonded on the surface of the soot
particles instead of in the gas-phase,132 would be indicative of a particle ionization mechanism.
Pure toluene was used as a model fuel in this study. Combustion products of a toluene
and propane gas mixture were directly analyzed using the experimental setup described in
Chapter 2. Propane gas was used to assist in generating toluene vapor and transferring the vapor
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out from the glass bubbler. These fuels were burned under fuel-rich conditions as indicated by
the presence of a yellow flame. Soot particles were observed from the flame of burning of
propane and toluene gas mixture. The mass spectrum generated from the combustion of propane
and the mass spectrum generated from the combustion of propane and toluene gas mixture were
compared.
The mass spectrum collected from fuel-rich combustion of propane only is shown in
Figure 4-4. No significant signal is observed relative to the background in this spectrum.
However, in Figure 4-5, a series of peaks corresponding to a series of protonated PAH molecules
are observed in the spectrum of the combustion of toluene and propane mixture. In order to
compare the spectra, the intensity of mass spectra is shown on the same scale and in total ion
counts. The assignment of the peaks in this spectrum is based on the detected m/z and previous
research on pyrolysis of toluene.133, 134 The peaks have a spacing of 14 m/z (CH2), and each
group is composed of several peaks with different intensities and a spacing of 2 m/z (H2). It
should be noted that PAH ions with equal molecular weight and different chemical structures
will be observed at the same m/z value. For simplicity, only one compound of the related set of
compounds at certain m/z value was listed to represent the corresponding peak.
The most prominent peak group from m/z 179 to m/z 185 is assigned to the
methylphenalene [M + H]+ peak and its hydrogenation/dehydrogenation products. The 2 m/z
peak separation is attributed to ring condensation and ring fusion leading to dehydrogenation
(-H2) or hydrogenation (+H2).135 This assignment is also supported by the comparison of the
measured isotope peak percentage (13%) with the theoretical isotope peak percentage (15%).
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Figure 4-4. Positive-ion propane flame products merged electrospray ionization mass spectrum.

Figure 4-5. Positive-ion toluene and propane flame products merged electrospray ionization
mass spectrum. The insert figure is the enlargement of the most intense peak group denoted by
the arrow.
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Toluene combustion or pyrolysis has been studied extensively and it is known that radical
species play an important role in the formation of PAHs in aromatic fuel combustion.135-138 The
radical species produced depend on the type of fuel and combustion conditions, including
pressure and flame temperature.135 It has been demonstrated that the radical species generated
from toluene flame under fuel-rich combustion conditions are methyl radical (•CH3), phenyl
radical, and benzyl radical.139 In our case, it is possible that the PAHs form through the methyl
radical polymerization, phenyl radical addition, or benzyl radical addition with lower molecular
weight PAHs leading to the formation of higher molecular weight PAHs; eventually soot
particles form through this polymerization. There are radicals, PAHs molecules, and soot
particles with PAHs intermediates absorbed on the surface generated in the process of the fuelrich combustion of toluene. From our results, no significant signals are observed at m/z 77
(phenyl radical) and m/z 91 (benzyl radical). Methyl radical m/z value is not in the measurable
m/z range of our instrument. The reason for no significant signals from radicals may be due to
their short lifetime in the flame. The ionization process in this experiment may be the charged
solvent droplets desorbing the PAHs on the surface of the soot particles or merging of gas phase
PAHs with the electrospray. Due to the low vapor pressure of PAHs, the pick-up of PAH
molecules on the surface of the soot particles by the electrospray droplets may explain the
ionization process.
Xylene is another model fuel tested in the same way as toluene. Xylene has lower vapor
pressure than toluene, therefore the proportion of xylene in the gas mixture was lower. In Figure
4-6, the observed peaks of the flame products of an m-xylene and propane mixture are less
intense than in Figure 4-5. It seems that the proportion of the aromatic fuel affects the
concentration of the generated products. Xylene has a similar chemical structure to toluene with
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an additional CH3 group. Therefore, it is not surprising that the products of xylene and propane
mixture flame are similar to those for toluene.
In the xylene combustion spectrum, more PAHs are observed from m/z 100 to m/z 500.
This may be due to the less intense protonated methyl-phenalene peak at m/z 181 in this
spectrum. Thus, larger PAH peaks with lower intensity are not obscured by the more intense
peak. In the xylene spectrum, the most prominent peak group is shifted to the m/z 167 range, and
is assigned to the fluorene [M + H]+ peak and its hydrogenation/dehydrogenation products. Other
peaks are assigned to the same products as in Figure 4-5.

Figure 4-6. Positive-ion xylene and propane flame products merged electrospray ionization mass
spectrum.

Diesel fuel is a more complex sample that was also tested in this study. Diesel fuel is
composed of about 75% saturated hydrocarbons (primarily paraffin) and 25% aromatic
hydrocarbons. The spectrum from the combustion of diesel fuel and propane is shown in Figure
68

4-7. The spectrum is similar to that shown in Figure 4-5 and Figure 4-6 due to the aromatic
hydrocarbon component in the diesel fuel, which is important for PAH and soot particle
formation. It was noticeable that the diesel fuel generated more soot than the model fuels. This
may be due to the complex contents of diesel oil that may generate more radicals and cause the
soot formation, which could lead to more PAH peaks observed in its spectrum. The most intense
peak in Figure 4-7 is assigned to methylphenanthrene [M + H]+ peak and its hydrogenation and
dehydrogenation products, which is the same as that observed in the toluene flame results. The
other series of grouped peaks from m/z 100 to m/z 500 are also assigned to the corresponding
PAHs with the addition of the methyl or phenol radical to the low mass PAHs. Since the tandem
MS data was not collected, the assignment of the PAHs was not confirmed, and only some peaks
are labeled in the spectrum.

Figure 4-7. Positive-ion diesel fuel and propane flame products merged electrospray ionization
mass spectrum.
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In order to further understand whether particulate or gas phase molecules were
responsible for the merged electrospray ionization signal, flame products of diesel fuel were
collected and analyzed with a commercial MALDI-TOF mass spectrometer. The mass spectrum
obtained without a MALDI matrix is shown in Figure 4-8. Different spectral patterns are
observed from the LDI of collected flame products compared to the merged electrospray
ionization. However, some peaks observed in Figure 4-7 are also observed in Figure 4-8, such as
protonated methylphenalene peak at m/z 181 and the protonated coronene [M + H]+ peak at m/z
301. The differences in the results may be due to the differences between the direct analysis and
the collected samples, or the particle size discrimination of the impactor. It is also possible that
merged electrospray ionizes mainly PAHs in the gas phase, while MALDI only ionizes PAHs
deposit on the particles. From this result, it is difficult to distinguish between a particle and gas
phase mechanism.

Figure 4-8. Positive-ion MALDI mass spectrum of collected diesel flame products.
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A filter experiment was performed to aid the understanding of the ionization mechanism.
The filter is used to block the particles coming out from the flame. A HEPA filter capable of
blocking 99.9% of particles as small as 300 nm in diameter was placed at the output side of the
copper tee to block particles produced by the flame.
The spectra of the toluene flame collected without (Figure 4-9a) and with (Figure 4-9b)
the filter under the same combustion conditions are shown for comparison. The background
signal (Figure 4-9c) was also collected with electrospray of the solvent. The spectrum of the
toluene flame products without filtering is the same as shown in Figure 4-5. However, in the
spectrum of the toluene flame with the filter, almost no signal is observed relative to the
background. The ionization signal decreased approximately 99% following filtration. However,
the HEPA filter also affects the gas flow rate. It was found using a flow meter that the HEPA
filter blocks approximately 60% of the gas flow. Since the PAH signal was lost completely, this
indicates either that particles are important for the ionization process or that the gas phase PAHs
are adsorbed on the filter. Much remains to be done in order to elucidate the mechanism fully,
such as using a virtual impactor that will only remove the particles and will not trap the gas
molecules.
4.4 Summary
In this study, combustion generated materials were detected using merged electrospray
ionization. It is important to elucidate the ionization mechanism of merged electrospray
ionization technique. Through the understanding of the mechanism, the figures of merits of the
technique can be further improved. Thus, the method can be widely applied to different research
areas.
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Figure 4-9. The comparison of toluene and propane mixture flame mass spectra a) without
HEPA filter, b) with HEPA filter, and c) background.
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In this study, we observed signal from smoke and flame products using merged electrospray
ionization. The ionization may be based on the charged solvent droplets pickup analyte
molecules from the surface of particles, but this mechanism has not been fully confirmed. It is
also possible that gas-phase pick-up is the major contribution to the generation of the ions from
the combustion products. If in this case, the application of merged electrospray ionization will be
limited, because large molecules will be difficult to detect.
This study demonstrates that merged electrospray ionization can be used to directly
analyze combustion products from smoke and flame sources without sample collection and
pretreatment. The major components in cigarette smoke, incense smoke and candle smoke were
detected in seconds. Several PAHs generated from fuel-rich combustion were also analyzed in
real-time without sample collection, extraction or pre-concentration, which prevents any
information loss or change of the analytes. However, the mass spectra obtained by this method
do not appear to represent all the combustion products. To obtain complete information of the
combustion products, use with other methods such as LDI is necessary.
Future experiments using a more controlled flame source for the fuel-rich combustion
study appear to be necessary to obtain consistent results among analyses and to compare with
other results in the literature. The flame temperature and the oxygen/fuel ratio should be
controlled. The size and concentration of the particles generated by the combustion source
(including nm sized particles) should be precisely measured. In addition, coupling the ionization
source to a high-resolution mass analyzer, such as a Fourier transform ion cyclotron resonance
(FT-ICR) or orthogonal time-of-flight (Q-TOF) MS, will improve the accuracy of peak
identification and provide tandem MS ability. These results will be helpful to understand the
mechanism of merged electrospray ionization of combustion products.
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CHAPTER 5. INFRARED MATRIX-ASSISTED LASER DESORPTION
ELECTROSPRAY IONIZATION*
The work reported in this chapter has been published in the Analyst.140
5.1 Introduction
Matrix-assisted laser desorption electrospray ionization (MALDESI) was described in
detail in the first chapter.71, 72 A pulsed 337 ultraviolet (UV) laser was used in previous studies.
In the research described in this chapter, an infrared (IR) laser was used for the removal of the
material that was ionized by interaction with an electrospray. It has been reported that laser
desorption and ablation of the materials generates a large number of particles and clusters and a
small amount of ions.141 Thus, this method is a subset of merged electrospray ionization. In order
to differentiate this approach from the ionization of dry particles without laser assistance
introduced in the previous chapters, merged electrospray ionization of IR desorbed and ablated
materials is called IR matrix-assisted laser desorption electrospray ionization (IR MALDESI).
The characteristics of IR lasers for desorption has been previously described.142
Compared to UV lasers, an IR laser has three main advantages. First, the penetration depth of an
IR laser under MALDI conditions is approximately 1 µm, which is several orders of magnitude
larger than for UV lasers.143 This characteristic enables an IR laser to remove deeply embedded
analytes from materials such as thin layer chromatography plates, polyacrylamide gels, and
tissue.144-146 Second, an IR laser has the ability to remove large molecules without the need for an
added matrix. It has been reported that existing natural components in the sample, for example,
water, can act as a matrix in the infrared.147 Therefore, an IR laser is good for the analysis of

*Reprinted by the permission of the Royal Society of Chemistry. Dr. Yohannes Rezenom built the laser
system, and the author and Dr. Rezenom performed all the experiments together.
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analytes with high water content, such as biological fluids and tissue samples. Third, it is
possible to tune the IR laser energy, pulse width, and wavelength to control the desorption
conditions and thereby control the generation of particles.148 This feature is useful for changing
the form of the removed material.
In this chapter, we describe the use of an IR laser for the desorption and ablation of
samples with electrospray ionization. The IR MALDESI technique was performed by modifying
the ion trap mass spectrometer to include a 2.94 µm Er:YAG laser for desorption and a
nanoelectrospray source for ionization. Peptide and protein standards were used to characterize
the system. In addition, blood, urine, and pharmaceutical products were analyzed without any
sample pretreatment to demonstrate the system with complex mixtures.
5.2 Experimental
The experimental configuration of IR MALDESI was described in detail in Chapter 2,
Section 2.3.3. The nanoelectrspray source was used to spray a 1:1 (v/v) solution of methanol and
0.2% acetic acid directly into the mass spectrometer. The solution flow rate was 500 nL/min
using a syringe pump and a fused-silica capillary. No nebulizing gas was used. The
nanoelectrospray needle was held at 2.5 kV, and the sample plate was at ground. The solution
was sprayed continuously. Samples were deposited from 1 to 3 µL of aqueous analyte solutions
onto the sample plate. The pulsed Er:YAG laser irradiated the liquid sample at the mid point
between the spray tip and the skimmer cone. Mass spectra were acquired in positive ion mode
and ions were accumulated for 100 ms.
5.3 Results
Standard peptides and proteins were used to test the IR MALDESI system. Samples in
the liquid state were deposited from aqueous solutions onto the metal target. Then, the IR laser
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was used to irradiate the sample to desorb and ablate material for interaction with the
electrospray. No peptide or protein signals could be achieved when the laser was operated
without the electrospray or when the electrospray was run without the laser. Also, no peptide or
protein signal was obtained from dry sample deposits. After several minutes of exposure to the
air, the water evaporated from the sample deposit, and it was no longer possible to obtain mass
spectra. Signal could be recovered by adding water to the sample deposit.
The mass spectrum of the peptide bradykinin (MR=1060) obtained using our system is
shown in Figure 5-1. The doubly protonated bradykinin molecule peak is observed at m/z 531 in
the spectrum. The singly protonated molecule peak of bradykinin is too weak to be distinguished
from the background. Caffeine at 0.6 mM was used as an internal standard in the deposited
solution and the protonated caffeine molecule peak is observed at m/z 195. The peaks below the
caffeine peak are attributed to the electrospray solution. The mass spectrum is similar to that
obtained from conventional ESI of bradykinin using the same instrument.

Figure 5-1. IR MALDESI mass spectrum of bradykinin.
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An IR MALDESI mass spectrum of the protein cytochrome c is shown in Figure 5-2. It
has been found that the observed charge states can provide information on the structure of the
protein.149 Native proteins that are compact, and thus some of the basic groups are inaccessible,
and therefore show lower degrees of protonation than the denatured species.149-151 The apparent
bimodal peak intensity distribution in Figure 5-2 suggests the presence of both denatured and
native cytochrome c. In the mass spectrum, a local maximum at [M + 11H]11+ corresponds to the
denatured protein, and a local maximum at [M + 8H]8+corresponds to the native protein,
respectively. This spectrum is similar to that obtained with conventional ESI and contains
multiply protonated cytochrome c ions from [M + 7H]7+ to [M + 15H]+15. The mass spectrum is
also similar to that of a cytochrome c dried deposit152 and aqueous cytochrome c mixed with
matrix,153 which were irradiated with a UV laser and entrained into an electrospray.

Figure 5-2. IR MALDESI mass spectrum of bovine cytochrome c.
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In a previous report of UV-MALDESI, native cytochrome c was detected with a charge
state maximum at [M + 9H]+9 using α-cyano-4-hydroxycinnamic acid as the matrix, and
denatured cytochrome c was detected using the same electrospray solution but without matrix.152
The electrospray solution was a 1:1 (v/v) mixture of methanol and 0.1% acetic acid. However, in
the absence of both matrix and acetic acid, peaks from both denatured and native cytochrome c
with maxima at [M + 16H]+16, [M + 17H]+17 and [M + 9H]+9, were observed. The consistency of
our result with the previous work shows that our IR laser system can be applied to protein
analysis. Different charge distributions of the multiply charged cytochrome c peaks obtained
using our IR laser system in comparison with DESI and UV-MALDESI also shows that it is
possible to obtain additional information about the sample. Future work can now exploit the
advantages of our IR laser system.
To test the ability of IR MALDESI to analyze complex mixtures in biological fluids, a
direct analysis of whole blood was performed. Figure 5-3 is the IR MALDESI spectrum of a
fresh whole blood sample. Several peaks corresponding to multiply charged ions were observed,
which are corresponding to hemoglobin α and β chains. Ionized heme at m/z 617 was also
observed in the spectrum. Dried human blood was previously analyzed directly at ambient
conditions using both DESI48 and UV-LDESI.154 These reports also demonstrated the detection
of α and β chain hemoglobin. The spectrum of dryied whole blood obtained using UV-LDESI
showed hemoglobin ion distribution from [M + 11H]+11 to [M + 18H]+18, which is similar to the
IR MALDESI results shown here. However, in the DESI spectrum, ions corresponding to heme
and hemoglobin α and β at m/z between [M + 8H]+8 and [M + 11H]+11 were observed.48 This
comparison shows that DESI is a softer desorption method than MALDESI, since the
hemoglobin peaks detected by MALDESI came from denatured forms, while using DESI they
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were in their native form. Although only α and β chain hemoglobin were detected from whole
blood, the analysis of serum using UV-LDESI demonstrated the detection of albumin and other
intact proteins.154 This experiment shows that using our IR MALDESI system, the predominant
proteins in biological fluids can be directly analyzed without drying. This approach reduces the
possibility of the protein conformational change caused by drying or sample treatment.

Figure 5-3. IR MALDESI mass spectrum of human whole blood. The blood droplet was
deposited on a stainless steel surface and ablated with IR laser before it was dried. Peaks
identified as , α-chain and , β-chain hemoglobin.

To further illustrate the application of IR MALDESI to the direct analysis of biological
fluids, urine samples from two individuals (healthy and medicated) were analyzed and compared.
Three µL of urine without any treatment was transferred onto the target and irradiated by the IR
laser for electrospray ionization.
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Figure 5-4. IR MALDESI mass spectrum of a urine sample of a) healthy and b) medicated
individuals.
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The spectrum shown in Figure 5-4a was obtained from the urine of the healthy individual. In this
spectrum, the most intense peak is at m/z 61, and is attributed to protonated urea. Protonated
creatinine at m/z 114 is also observed. It has been reported previously that using DESI, both urea
and creatinine were detected from human urine.155 Unlike the DESI result, no sodium adducts of
the major urine constituent were observed using IR MALDESI. The IR MALDESI mass
spectrum of urine obtained from a person who had been medicated the drug atenolol (100 mg
daily) is shown in Figure 5-4b. Atenolol is a β-adrenoreceptor blocking drug used to treat
hypertension.156The mass spectrum in Figure 5-4b is similar to Figure 5-4a with an additional
peak at m/z 267, which corresponds to protonated atenolol. Previously, metabolism studies of
atenolol have shown that only 10% of the drug is absorbed by the body and metabolized; the
remaining material is excreted unchanged.156, 157 The observation of an intense signal from the
unmodified atenolol is consistent with this study. However, the major metabolite component of
atenolol, 1-[4-(C-carbamoylhydroxymethyl)phenoxy]-3-isopropylaminopropan-2-ol,157 obtained
by hydroxylation of methyl carbon of the acetamide moiety by liver156 was not detected under
our current experimental conditions. This results shows that it is possible to use this method for
the analysis of metabolites of drugs in biological fluids.
Several over-the-counter pharmaceutical products were directly analyzed using IR
MALDESI. The liquid contents of a gel coated ibuprofen tablet were transferred onto the sample
target without any additional treatment and laser ablated into the ESI plume. The tablet contained
a viscous liquid with 200 mg of solubilized ibuprofen as well as other inactive ingredients such
as dyes, gelatin, mineral oil, polyethylene glycol, and sugars.
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Figure 5-5. IR MALDESI mass spectrum of a gel form ibuprophen tablet a) without adding
water and b) after addition of 4.0 µL of water. The intensity of a) is normalized relative to the
base peak intensity (at m/z 161) of b); 1 and 2 are the protonated fragment of ibuprophen, 3 is the
group of peaks from the polyethylene glycol.
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Figure 5-5a is the spectrum obtained from this sample without any treatment. The peak at
m/z 177 corresponds to a protonated fragment of ibuprofen with the loss of formaldehyde and the
base peak at m/z 161 corresponds to ibuprofen that has lost the carboxylic acid group. A
relatively weak signal at m/z at 207 corresponds to the protonated ibuprofen peak. Figure 5-5b is
the spectrum obtained from the same ibuprofen gel after addition of 4 µL of water to the sample
target. From the spectrum, we can see that the signals of the protonated ibuprofen and its
fragments were enhanced by the presence of water. In addition to the detection of ibuprofen and
its fragments, ions from polyethylene glycol were also observed after adding water. This result
shows that water is important for the ionization, and it plays the role of a matrix.
Figure 5-6 shows the IR MALDESI analysis of a cold medicine with multiple active
ingredients, such as acetaminophen (30 mg/mL), sedating antihistamine (doxylamine succinate,
0.4 mg/mL), and antitussive (dextromethorphan, 1 mg/mL). The protonated acetaminophen peak
is observed at m/z 152. The peak observed at m/z 110 corresponds to protonated acetaminophen
with loss of ketene. Weak signals from protonated doxylamine (<8% relative intensity) at m/z
271, and its fragments by successive loss of [C(C6H5)(C5H4N)(CH3)]+ group and
[C(C6H5)(C5H4N)]+ group were observed at m/z 182 and 167 respectively. A peak at m/z 272 was
assigned to the protonated molecule of the third active ingredient, dextromethorphan. The cluster
of peaks observed between 262 and 650 m/z correspond to protonated PEG. Also, the sodium
adduct of fructose is observed at m/z 203. A sodium adduct was not observed in any of the other
samples run using IR MALDESI. This suggests that the presence of sodiated fructose in the
spectrum is due to the greater quantity of sodium presents in the cold medicine or due to the fact
that sugars tend to form adducts with sodium.102
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Figure 5-6. IR MALDESI of a liquid cold medicine.

Pharmaceutical products in ointment form were also analyzed using IR MALDESI. A
small amount of the ointment (approximately 1- 2 mg) was spread on a stainless steel platform
and was exposed to the pulsed laser. A mass spectrum obtained from the ointment (1%
hydrocortisone cream) is shown in Figure 5-7. The most intense peak at m/z 363 corresponds to
protonated hydrocortisone. The several peaks below m/z of 360 are tentatively assigned to
sugars. The peaks observed between 560 and 760 m/z with a 29 m/z spacing, suggest the loss of
an ethyl group from an oil or wax component of the sample. Earlier, it was demonstrated that
hydrocortisone ointment was weakly ionized by DESI in positive ion mode.158, 159 From the
result above, the ionization of hydrocortisone was enhanced using our IR MALDESI system.
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Figure 5-7. IR MALDESI mass spectrum of 1% hydrocortisone cream.

5.4 Discussion
The exact mechanism of combining laser desorption and electrospray ionization is yet not
fully understood. It has been postulated that gas-phase analyte molecules desorbed by the laser
are post-ionized by their fusion with charged solvent droplets followed by the subsequent ESI
processes from the newly formed droplet.85, 86 However, in the referenced study, a UV laser was
used, and the experimental geometries, such as the distances between the electrospray, sample
target, and the MS skimmer, were different from our design. These parameters are important
factors that can affect the ionization. Also, in the previous study of the MALDI mechanism, it
has been reported that desorption or ablation of analyte material occurs before analyte ionization,
and laser desorption or ablation removes more material as clusters and particles than as ions.82,
160

Therefore, we postulate that material ablated from the target in the form of particulate
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interacts with the ESI droplets, which pick up the analyte material in a similar manner to the
electrospray droplets in a DESI source, where the analyte molecule is picked up from a solid
target. This mechanism is also similar to that postulated for dry particles in Chapter 3, in which
electrospray droplets pick up analyte molecule from particulate material. It has been
demonstrated that a large fraction of IR ablated material is in the form of particles, which are
larger than the nanoelectrosprayed droplets.94 The small electrospray droplets collide with these
larger particles, extract material and thereafter expel ions via the standard electrospray
mechanism. For more volatile materials, a second mechanism may occur in which the analyte is
desorbed as free molecules and is thereby incorporated in the electrospray droplets.161 The
ionization of the low molecular weight materials most likely proceeds by this mechanism. A
systematic study of the effect of parameters of the experimental geometry on signal intensity as
well as some computer simulation methods used to study MALDI and DESI mechanism such as
molecular dynamics simulation162 may provide useful information to further elucidate the
mechanism.
In addition, the above results indicate the importance of water for desorption of material
using an infrared laser. The O-H stretch of water has a strong IR absorption between the
wavelengths of 2.8 and 3.2 µm, and readily absorbs the laser pulse energy leading to the ejection
of a microscopic volume of the sample in the form of neutral particles and molecules.163, 164
Water has been employed as a matrix in IR MALDI both under vacuum165 and in atmospheric
pressure MALDI.166, 167 Recently, water mixed with glycerol has also been used as matrix, in
which multiply-charged proteins were observed in atmospheric pressure MALDI.168 It has been
suggested that the ionization mechanism is similar to electrospray and involves the ejection of
highly charged particles from the glycerol that evaporate to form ions. This speculation is
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supported by high-speed photography169 and studies of IR laser particle formation from a
glycerol matrix.170
5.5 Summary
This study demonstrates biological and pharmaceutical samples can be directly analyzed
without any sample treatment using IR MALDESI under ambient conditions. Water in the
sample appears to act as an endogenous matrix. In IR MALDESI, the laser desorbs material from
the sample that then interacts with the electrospray to form ions. It is postulated that the ablated
particles interact with the multiply charged electrospray droplets, which extract the analyte
molecules and form ions by the standard electrospray mechanism.
Our results indicate that water facilitates the desorption process. This bodes well for the
application of IR MALDESI for direct analysis of body fluids for the study of both drug
metabolism and pharmacokinetics. Biological fluids from urine and blood can be used for direct
monitoring of drug metabolites. In addition, because the water content in biological tissue is
significant, IR MALDESI has some potential for tissue imaging under ambient conditions. For
convenience, it is also possible to re-arrange the experimental configuration and develop an IR
laser remote probe by using an optical fiber for imaging analysis.
The ionization process of IR MALDESI can be affected by several factors, including
laser wavelength and energy, electrospray solution, and the geometry of the experimental
configuration. Although a detailed study of optimization conditions for ionization was not
performed, laser wavelength and energy will play a critical role in increasing the amount of
material removed. In addition to these parameters, coupling of IR MALDESI to different mass
analyzers, such as Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR)171 and
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orthogonal time of flight (Q-TOF), will benefit the technique in terms of resolution and mass
range of detection.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS
In this dissertation, we configured merged electrospray ionization with various sample
sources for diverse applications. Using this technique, dry aerosol particles, combustion
products, and IR laser desorbed and ablated materials were analyzed under ambient conditions.
This work is a proof-of-principle study. The significance of this work is that it opens up a new
way to analyze samples in various states without sample collection or pretreatment.
One of the promising results of this study is the ability to directly analyze dry aerosol
particles of powdered samples generated from an aerosol generator. As shown in Chapter 3,
major components in powdered samples can be directly detected through the interaction of the
particles with the electrospray charged droplets. This study was the fundamental part of this
entire research. Previously, charged droplets from eletrospray had been used to directly ionize
neutral liquid particles, such as in EESI,70 and particles and molecules desorbed by a pulsed
laser, such as in UV-MALDESI.71,

72

In this work, dry particles were shown to be directly

ionized by charged droplets. This result indicates that particles in various states can interact with
charged droplets from an electrospray source, and generates ions that can be analyzed by a mass
spectrometer. In addition, dry particles containing large molecules can be analyzed by this
method. Thus, it may be possible to use merged electrospray ionization to monitor bioaerosols.
Bioaerosols are the primary dissemination mechanism of biological warfare and terrorism.
Therefore, fast and accurate detection and identification of bioaerosols is imperative. The merged
electrospray ionization technique matches this criterion.
An application of the merged electrospray ionization technique was the direct analysis of
combustion products generated from fuel combustion and smoke. As shown in Chapter 4, a
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home-build flame source and some smoke sources were configured with merged electrospray
ionization. The major components from smoke and fuel combustion flames can be directly
detected by interacting with the electrospray charged droplets. This part of work shows that realworld materials generated from the smoke and fuel combustion can be ionized by this method.
Even though, we still cannot confirm whether particles or molecules play a more important role
in the ionization, it points the direction for future studies. In addition, the implication of this
study includes the application of this method to air quality control and monitoring of combustion
products and other pollutants. The information obtained by merged electrospray ionization
complements the results obtained using the traditional MS techniques, such as LDI and GC-MS
that can affirmatively identify additional products from the mass spectra. We believe that with
further modifications to the apparatus and using a higher resolution mass spectrometer, the
results will be improved.
Another important extended study is using electrospray to ionize materials desorbed or
ablated by an IR laser. It was shown in Chapter 5 that biological and pharmaceutical samples can
be directly analyzed by combining IR laser desorption or ablation and electrospray ionization.
Multiply charged peaks for protein samples were observed using this method. Major components
in biological fluids and multiple components in pharmaceutical samples were detected without
any treatment. This approach separates the location of desorption from that of ion formation, in
comparison with methods such as DESI and DART that deliver charged species to the sample.
Thus, this method makes it easier to create a remote analysis probe since the umbilical cord that
connects the sampler to the instrument requires only a gas flow and a fiber optic rather than
liquid, gas and high voltage. Also, the IR laser shows several advantages compared to the UV
laser. With the greater penetration depth of the IR laser and the direct ionization of the sample
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materials with their endogenous matrix (such as water) combining an IR laser with electrospray
ionization shows potential for application to tissue imaging and the analysis of biological fluids.
This system also has the potential to be interfaced with continuous flow sample introduction with
potential applications in interfacing this IR MALDESI system with a microfluidic chip. With the
development of a micro-fluidic chip interface,172 such as on chip cell lysing and proteolytic
digestion, it may be possible to monitor protein digestion and biological reactions on the chip
using the IR MALDESI system.
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